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MA.X)R  AOCQMPLISlfflENTS 


Over  110  marine  bacteria  were  isolated  and  tested  for  their  ability  to  cxxi- 

vert  rtrr  to  water-soluble  products.  Porty-soven  bacteria  were  found  to  convert 
14 

5%  to  10%  of  the  C-DDT  to  water-soluble  pnaducts,  38  bacteria  solubiliaud  less 
them  5%  of  the  insecticide,  and  29  bacteria  were  apparently  inactive  by  the  test 
method  enployed.  Muoor  altemans,  a fungus  that  converted  DOT  to  water-soluble 
metabolites  at  a rate  four  times  greater  than  the  most  ective  narine  bacteriim, 
was  used  as  a model  for  determining  the  identities  of  the  water-soluble  products. 
These  cotpounds  were  not  DOT,  DCyv,  PCPA,  or  2-chlorosucx:inic  acid  and  do  not  con- 
tain chlorine.  Therefore,  previously  unchauracterized  products  representing  the 
most  extensive  microbial  degradation  of  DOT  yet  reported,  cure  probably  formed 
by  M.  altemans.  The  hypothesis  that  nutrient  availability  was  limiting  DOT 
degradation  was  tested  with  model  narine  oarmunities  of  sea  water  containing 
bottom  sediments,  to  which  were  added  eighty  different  carbon  sources  in  a total 
of  iOO  separate  treatments.  Water  soluble  products  of  DOT  metabolism  wore  not 
detected. 

Microorganisms  were  found  to  be  capable  of  converting  diphenylmothane,  an 
analog  of  DOT,  to  1 , 1 , 1 ' , 1 ' -tetrafhenyldimethyl  ether,  and  stxxiics  were  conducted 
to  determine  whether  microorganisms  could  carry  out  the  same  reaction  with  the 
DOT  metabolite  bis(g-chlorophenyl-benzhydrol) . Microorgauiisms  able  to  grow  at 
the  expense  of  veirious  carton  sources  having  a structural  relationship  to  DOT 
were  isolated,  and  the  ability  of  these  isolates  to  dechlorinate  DOT,  its  metab- 
olites arxl  its  analogs  weis  tested.  During  the  isolations,  it  was  noted  that 
gara-substituted  aromatic  conpounds  were  toxic  to  some  bacteria,  even  at  low 
levels,  but  a few  stinulated  growth  of  individual  bacteria. 
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relationship  of  chemiceil  structure  to  biodegradability  of  DOT 
arkalogs  was  investigated.  Peura  substitution  of  one  of  the  two  aunmatic 
rings  with  chloro,  nitro,  hydroxyl,  or  aniino  qrcKjpB  significauitly  reduced 
the  rate  of  biodegradability.  The  most  resistant  oaqpounds  were  those 
with  both  rixtgs  containing  these  substituents. 

Pseudanonas  putida,  an  orgeinian  capable  of  utilizing  diphenyljnethane 
as  sole  sourcae  of  ceubon  and  energy,  oonverted  bis (g-chlorophenyl) acetic  acid 
bo  bis (£-chlorophenyl) methane,  4,4'-dichlorobenzhydrol,  and  4,4'-dichloro- 
benzophenone  by  oonetabolian.  The  organian  adso  dehalogenated  4,4'-didiloro- 
benzohydrol  and  4,4*-dichlorobexizophenone.  This  is  the  first  report  of  such 
dehalogenations  of  ring  chlorines  derived  fran  DOT.  Pseudononais  putida  was 
cilso  shown  to  convert  diphenylnethauie  to  benzhydrol  and  benzophenone.  The 
organism  was  edso  found  to  be  capable  of  ring  cleavsige  of  diphenylmethane 
and  b«izhydrol,  producing  phenyleK»tic  and  f^ienylglyoolic  sxrids,  respectively. 
Hydroocybenzhydrols  smd  a hydroxy lated  benzophenone  were  edso  obtained  cis 
products  of  benzhydrol  oometabolisn.  A beurterial  isolate  using  phenylaoetic 
SK:id  as  sole  csurbon  and  energy  source  ocinetabolized  £-chlorophenylcioetic  acid, 
euid  a product  likely  to  be  a nonohydroxylated  chlorophenylsKetic  acid  was 
recovered  fran  the  culture  filtrate. 

Studies  were  conducted  to  assess  the  effect  of  scdinity,  ten^serature , 
oxygen  tension  emd  presence  of  sediment  orgeuiic  nutrients  and  edged  cells  on 
the  decomposition  of  DDT  in  model  meurine  ecosystems.  In  the  model  ecosystaos 
receiving  th^  edga  Cylindrospenmin  sp.  or  diphenylmethane,  DDO,  D[£,  euid  DBP 
were  former'  DT.  In  eKldition  to  DDO  and  DDE,  a compound  with  the  chrooa- 


tographic  cha  _ Misties  of  DBP  wets  detected  in  waters  receiving  the  insecticide. 
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DOT  and  its  breakdcwn  products  had  no  significant  effect  on  respiration 
of  microbieLl  ocmnunities  or  eilgal  productivity.  Bis  (g-chlorophenyl)raeti«me, 
4,4'-diclilorobenzhydrol,  4 , 4 ' -dicMorobenzophenone , bis (g-chlorophenyl) acetic 
acid,  g-chlorophenylcK»tic  acid  eind  DDT  enhanced  algeil  developnent. 

The  products  fonted  in  the  metabolism  of  DDT  by  bcicteria  eind  fungi  viero 
identified  eis  l,l-dic±Lloro-2,2-bis (g-chlorophenyl) ethane,  l,l-dichloro-2,2- 
bis  (g-chlorophenyl) ethylene,  DCM,  DBH,  and  DBF.  Several  other,  as  yet  unchcur- 
acterized,  products  were  also  synthesized  by  these  microorgeuiisns.  The  can- 
pounds  identified  during  the  degreKiation  of  DOT  metabolites  were:  004,  DBH 
and  rap  fron  DDft;  DBH  and  ECP  fron  DDM;  and  DBH  fran  DBP.  An  is^rtant  metab- 
olite reported  for  the  first  time  with  fungi  is  g-chlorophenylacetic  acid  (PCPA) , 
a ring  cleavage  product  generated  in  the  degradation  of  DDM.  g-Chlorophenyl- 
glyoxaldehyde  is  also  reported  for  the  first  time  as  a product  of  ring  cleavage. 

Arthrobacter  sp. , an  isolate  capable  of  utilizing  phenylauoetic  aicid  as  sole 
source  of  ccu±on,  vas  tested  for  its  ability  to  degrade  PCPA.  Metabolites  of 
retention  times  554  and  653  s were  detected  by  gas-liquid  chroniatogreqAy.  The 
product  of  retention  time  653  s was  identified  as  4-chloro-3-hydraxyphenylaoetic 
acid  by  using  coupled  gas-liquid  chronabography-ftHss  spectrometry  auxl  also  be 
ocnf>aring  the  unloiown  with  the  mass  spectnin  of  a sanple  of  authentic  4-chloro- 
3-hydrooQT?henylacetic  ^cid  that  was  synthesized. 

Bacteria  able  to  metabolize  at  leemt  cxie  of  12  organophosphate  insecti- 
cides aa  sole  phosphorus  sources  and  at  least  one  of  5 carbamate  insecticides 
as  sole  nitrogen  source  were  isolated  from  sewage  and  soil  by  enrichroent-ciil- 
ture  techniques.  TVo  microbial  isolates,  selected  for  their  versatility  in 
metabolizing  orgaucphosphate  insecticides  eis  sole  phosphorus  source,  were 
identified  as  Pseudcncnas  putida  and  Pseudomonas  sp.  (designated  Pseudatpnas 
7,  while  one  isolate  selected  for  its  versatility  in  metabolizing  carbenate 
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insecticides  as  sole  nitrogen  source  and  designated  as  Pseudanonas  44.  ‘Rte 
extent  of  growth  (eis  measured  by  turbidity)  of  P.  putida  and  Pseudoraonas  7 
was  line^u^ly  irelated  to  the  level  of  phosphorus  (as  KH2P0^,  diazinon,  or  mala- 
thion)  in  the  medivjn  for  a oonoentration  range  of  0.03  to  0.15  itM,  while  for 
Pseudomonas  44  the  extent  of  growth  was  linearly  related  to  the  level  of  ni- 
trogen (cis  (NH^)2S0^,  baygon  or  carbaryl)  in  the  median  for  a oonoentration 
range  of  0.15  to  0.75  nM.  Maximon  optical  densities  for  P.  putida  and  Pseudo- 
monas 7 were  1.45,  0.85.ctnd  1.00  and  specific  growth  rates  were  0.31,  0.18,  and 
0.21  h ^ with  KH2P0^,  diazinon,  and  malathion,  respectively.  For  Pseudanonas 
44  mcuunun  opticeLl  densities  were  1.15,  0.87,  0.84  and  specific  growth  rates 
were  0.26,  0.19^cind  0. 18  h ^ with  (NH^)2SO^,  baygon,and  carbaryl,  respectively. 
When  growth  (measured  as  oell  protein)  of  these  isolates  was  oorrelated  with 
metal3olian  of  the  particuleir  insecticide  used  as  phosphorus  source  (diazinon, 
mcLlathion)  or  nitrogen  source  (baygon,  caubaryl)  the  extent  of  raetabolisn  ap- 
proached the  theoreticeil  vedues  for  the  ratios  of  cell  protein: phosphorus  and 
cell  protein; nitrogen.  Thus,  the  isolates  were  not  oligophosphorophiles  or 
oligocarbophiles  and  were  not  utilizing  possible  contaminant  inorgeinic  phos- 
phate or  aitmonian  as  phosphorus  or  nitrogen  source,  respectively,  in  place  of 
the  insecticide. 

Studies  of  resting  cell  suspensions  of  P.  putida  cuid  Pseudcmoneis  7 indi- 
cated tJiat  both  constitutive  and  induced  enzyme  systems  were  responsible  for 
the  metabolism  of  diazinon  and  malathion,  while  only  an  induced  enzyme  system 
Weis  responsible  for  the  metcibolian  of  baygon  and  carbaryl.  Enzymes  in  cell- 
free  extracts,  p£u:tially  purified  by  (NH^)290^  fractionatioi,  of  the  tliree 
isolates  demonstrated  broad  substrate  specificity  toward  veurious  orgeinophos- 
phate  and  ceubamate  insecticides.  Specific  activities  ranged  from  0.22  to 
2.01  mM  org£Viophoephate  dise^]peared/ndj\Ang  protein  and  0.29  to  1.98  mM  car- 
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bantate  discippeared/min/^ng  protein.  Ttie  cjell-free  extreict  studies  further  sup- 
ported the  cxsnclusion  that  induoad  and  oonstitutive  enzyme  systems  were  respon- 
sible for  orqanophosphate  amd  carbanate  metabolism  by  P.  putida  euid  Pseudononas 
strains  7 and  44. 

Breakdown  products  of  veurious  organophosphates  from  the  cell-free  extract 
studies  were  identified  as  dimethyl  eind  diethyl  phosphate  and  thiophosphate  oom- 
pounds.  Neither  P putida  not  Pseudcmonaa  7 metabolized  ionic  dialkyl  phosphate 
and  thiophosphate  corpounds  as  sole  p^xasphorus  source.  The  cxxourrence  of  ionic 
dialJcyl(thio) phosphate  suggests  that  a phosphatase  enzyme  (s)  was  responsible 
for  the  hydrolysis  of  the  parent  orgemophosphate  molecule.  Itius,  for  P.  putida 
eind  Pseudcmcx^ts  7,  a major  pathway  of  degradation  of  organophosphate  insecticides 
may  be  a hydrolytic  attack  to  liberate  the  ionic  dialkyl (thio) phosphate.  The 
incibility  of  the  isolates  to  metabolize  ionic  dialkyl  phosphate  and  thiophos- 
phate conpounds  suggests  that  these  molecules  may  be  more  persistent  in  nature 
than  onoe  thought,  and  oonoem  about  their  pobenticd  environmental  toxicity  and 
fate  is  justified. 


I.  Section  1 


A.  MATERIALS  AND  METHODS 

Media.  Marine  microorganisms  were  isolated  and  maintained 
on  two  media.  DYE  contained  O.OS  g K.HPO, , 15  g agar,  and  1000  sj 
aged  sea  water.  WHO  medium, s general  isolation  medium  for  marine 
microorganisms  (24),  contained  1.0  g peptone,  2.0  g glucose,  0.05  g 
K2HP0^,  15  g agar,  and  1000  ml  of  aged  sea  water.  Mucor  altemans 
was  grown  on  a glucose-salts  medium  which  contained  5 g glucose,  1 g 
NH^NOj,  1 g K2HP0^,  1 g KH2P0^,  0.2  g MgSO^,  0.02  g CaCl2-2H20,  0.01  g 

Fe2SO^  and  1000  ml  distilled  water  (4). 

Gas- liquid  chromatography . A Varlan  200  gas-chromatograph 
equipped  with  a flame  ionization  detector  and  two  different  columns 
and  operating  conditions  was  employed, When  a lOZ  DC  200  column  on 
chromosorb  W-AW  was  used,  the  operating  temperatures  were  185  C, 
column;  215  C,  injector;  and  195  C,  detector.  The  second  column  was 
a 15Z  SE  30  on  chromosorb  W,  and  the  operating  temperatures  when  it  was 
used  were  90  C,  column;  185  C,  injector;  and  215  C,  detector.  The 
flow  rate  of  N2  through  the  colunms  was  45  ml/min. 

Esterification  using  diazomethane.  The  method  of  Schlenk  and 

Gellerman  (21)  was  used  to  esterify  acids  prior  to  gas  chromatography. 

The  dlazomethane  generator  resembled  one  described  by  these  authors. 

As  soon  as  excess  CH2N2  was  seen  in  the  sample  (the  sample  yellowed), 

its 

the  sample  tube  was  disconnected,  and/contents  were  evaporated  to  dryness 
ianediately  with  a flow  of  N2.  The  esterifled  acids  were  then  dissolved 
in  chloroform  or  ether  and  examined  directly  by  thin-layer  chromatography 
(TLC)  or  gas-liquid  chromatography  (GLC). 


7 


Thin-layer  chromatography » The  chemicals  were  spotted  on  Eastman 

Chromatogram  Sheet  6060  Silica  Gel  bearing  a fluorescent  Indicator. 

After  development,  the  spots  were  visualized  with  a UVS  12  Mlnerallght 

(Ultraviolet  Products,  Inc.,  San  Gabriel,  Calif.).  Chromatograms  to  be 

counted  for  their  radioactivity  were  cut  Into  4-cm  strips  and  counted  with 

an  Actlgraph  III  strip  counter  (Nuclear-Chlcago  Corp.). 

Scintillation  counting.  Samples  of  0.1  to  O.A  ml  were  placed  Into 

scintillation  vials,  and  10  to  IS  ml  of  Bray's  scintillation  fluid  (S) 

was  added.  The  vials  were  counted  with  a liquid  scintillation  counter 

Mark  I 

(Nuclear-Chlcago  Corp.  model/) %ihlch  automatically  subtracted  the  background 
counts. 

Chemicals.  l,l,l-Trlchloro-2, 2-bl8(£-chlorophenyl)ethane  (DDT)^ 

2,2  -bis (£-chlorophenyl) acetic  acid  (DDA),  4,4'-dlchlorobenzophenone  (DBF), 
4,4'-dlchlorobenzhydrol  (DBH),  and  £-chlorophenylacetlc  acid  (PCPA)  were 
obtained  from  Aldrich  Chemical  Co.,  Milwaukee,  Wls.  2-Chloro8ucclnlc  acid 
was  provided  by  K and  K Laboratories,  Plalnvlew,  N.  Y.  Hexanes  used  for 
extractions  were  pesticide  grade  from  Fisher  Scientific  Co.,  Falrlawn, 

N.  J.  Column  packing  materials  were  purchased  from  Applied  Science 
Laboratories,  State  College,  Pa. 
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B.  RESULTS 

laolatlon  of  mlcroorganla—  capable  of  Oegradlng  DDT.  Saaipies  of 
sea  water  and  aedlment  materlala  were  collerted  from  aeven  altea  along 
the  Connecticut  coast.  The  seven  sites  Included  four  distinct  habitats: 
brackish  river  water,  salt  marsh,  and  areas  with  bottoms  consisting  of 
fine  black  sand  or  course  gravel.  Samples  were  collected  In  sterile 
containers  and  they  then  were  shaken  vigorously  and  streaked  onto  DYE 
and  WHO  agar  within  2 hr  of  collection.  The  plates  were  allowed  to 
incubate  at  about  23  C.  Different  colony  types  were  picked  from  each 
plate,  and  pure  cultures  were  obtained  by  standard  techniques. 

Each  of  the  Isolates  was  examined  for  Its  ability  to  transform  DDT 

to  water-soluble  products.  To  measure  this  conversion,  each  bacterium 

was  grown  on  0.2X  yeast  extract-sea  water  medium  In  the  presence  of 
14 

C-labeled  DDT.  The  final  concentration  of  DDT  was  0.5  ^g/ml  and  its 
specific  activity  was  100  |ic/44.4  mg.  After  7 to  18  days  of  Incubation 
at  23  C,  the  cells  were  removed  by  centrifugation,  and  DDT  and  most 
of  Its  non-polar  products  were  extracted  from  the  supernatant  fluid 
with  hexane.  The  water  phase  was  then  examined  for  residual  radio- 
activity. 

About  48  of  the  bacteria  were  found  to  have  converted  5 to  lOZ  of 
14 

the  C-DDT  to  water-soluble  products,  38  solubilized  less  than  5Z  of  the 
insecticide,  and  29  were  apparently  Inactive  by  the  test  methods  employed. 
The  results  summarized  In  Table  I show  that  four  areas  contained  a 
particularly  high  percentage  of  active  organisms.  They  were  Oyster  Creek 
surface  water,  Kelsey  Point  surface  water.  Sagamore  Terrace  surface  water, 
and  Sagamore  Terrace  gravel,  where  70,  66,  60,  and  64Z  of  the  Isolates  were 
active,  respectively.  The  most  striking  observation  from  these  somewhat 


9 


Table  1. 


The  ability  of  marine  Isolates  to  solubllire 


U 


C-DDT. 


Sample  Area 

Surface 

SedioMfnt 

No. 

tested 

No. 

active 

Z** 

No. 

tested 

No. 

active 

Z** 

Connecticut  River  at 

Saybrook,  Conn,  (brackish) 

16 

5 

31 

11 

4 

36 

Saybrook  salt  marsh 

8 

1 

12 

7 

2 

28 

Coast  1 ml  from  Conn. 

River 

14 

6 

43 

- 

- 

- 

Coast  2 mi  from  Conn. 

River 

9 

4 

44 

- 

- 

- 

Oyster  Creek  (brackish) 

10 

7 

70 

5 

2 

40 

Kelsey  Point  (fine  black 
sand) 

3 

2 

66 

11 

4 

36 

Sagamore  Terrace  (course 
gravel) 

5 

3 

60 

11 

7 

64 

The  number  of  DDT  solubilizers  was  considered  to  be  those 
isolates  which  converted  more  than  3Z  of  the  added  labeled 
DDT  to  water-soluble  products. 

Percent  of  the  total  number  of  bacteria  tested  from  that 
site  which  solubilized  DDT. 


10 


randomly  chosen  isolates  was  Che  fact  that  a large  percentage  of  Che 
isolates  had  the  ability  to  solubilize  DDT  and  presumably  Co  initiate 
its  degradation. 

Water-soluble  products  formed  by  Mucor  altemans. 

A strain  of  Mucor  altemans  which  was  exceptionally  active  in 

converting  DDT  to  water-soluble  products  was  Isolated  by  Anderson  and 

Lichtenstein  (2).  This  fungus  was  used  as  a model  to  characterize  more 

completely  the  pathway  of  DDT  degradation.  The  fungus  was  grown  in 

500  ml  of  a glucose-salts  medium  containing  2 ^g  DDT/ml  including 
lA 

2.9  ^c  C-DDT  as  described  by  Anderson  and  Lichtenstein  (3).  The 
mycelium  was  removed  from  the  medium  by  filtration  after  7 days  of 
incubation  and  Che  filtrate  was  extracted  three  times  with  500  ml 
portions  of  hexane  each  time.  The  first  method  of  isolation  is 
outlined  in  Fig.  1.  The  radioactivity  recovered  at  each  step  in  Che 
procedure  is  also  given. 

Analysis  of  the  compounds  thus  generated  mlcroblologically  from 
DDT,  using  both  thin-layer  and  gas-liquid  chromatography, is  still  in 
progress.  In  Table  2 is  a summary  of  the  data.  From  these  data,  it 
is  evident  that  the  water-soluble  degradation  products  were  not  DDT,  DDA, 
DBH,  DBF,  PCPA  or  2-chlorosuccinlc  acid.  Previous  work  in  this  labora- 
tory has  shown  that  PCPA  is  formed  mlcroblologically  from  DDT  (9,17), 
and  thus  PCPA  or  one  or  more  of  the  other  compounds  also  could  have  been 
the  water-soluble  metabolites  synthesized  from  DDT  by  M.  altemans. 
Therefore,  the  soluble  products  appear  to  be  new  metabolites  generated 
microbiologically  from  DDT. 

MethylaCion  of  these  compounds  with  diazomethane  altered  their 
mobility  somehwat.  When  the  products  were  chromatographed  on  TLC  plates 
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Figure  1 


Extraction  procedure  used.  From  Anderson  and 
Lichtenstein  (3). 


Hexane-extracted 

medium 

1.28  X 10^  cpm 

Flash  evaporated  to  dryness 
at  30  C 

Residue  refluxed  30  min 
In  absolute  methanol 


Filtered  through  glass 
.wool  Into  distilled  water 


Filtrate 


9.A  X 10- 


) 

Residue 

2.11  X 10^  cpm 


Acidified  to  pH  1.5 
Ether  extracted 


Water  phase 
0.38  X 10^  cpm 


Ether  phase 


Dried  with  Na2S0^ 

Flash  evaporated  to 
a small  volume 


Extract  of  DDT 
metabolites 


^p73  X 10^  com 
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Table  2.  Analysis  of  water-soluble  products  of  Mucor  alternans. 


Retention  time  (GLC) , min 

value 

(TLC) 

Compound 

lOX  DC  200  15X  SE  30 

Solvent  I 

Solvent  11® 

DDT 

71:00 

- 

- 

0.94 

DDA-O-Me® 

34:00 

- 

0.82 

- 

PCPA-O-Me  ^ 

2:12 

- 

0.90 

- 

Mucor  alternans-O-Me” 

2:10 

0.00 

0.00 

2-Chlorosucclnlc  acid 

- 

15:30 

- 

- 

DDA 

- 

- 

- 

0.09 

DBH 

- 

- 

- 

0.14 

DBP 

- 

- 

- 

0.74 

PCPA 

• 

• 

0.19 

^ -0-Me  indicates  that  the  acid  was  esterifled  with 
diazomethane. 

**  The  M.  alternans  extract  was  treated  with  diazomethane. 
None  of  the  peaks  corresponded  to  the  standards. 

Solvent  was  acetone :hex/.ne  (10:90). 

^ Solvent  was  hexanes:ether:acetlc  acid  (100:1:1). 
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using  methanol:  water  (70:30)  solvent,  the  non-ester If led  products 
gave  3 diffuse  peaks  with  values  of  approximately  0.27,  0.46,  and 
0.82.  After  methylatlon,  only  one  peak  at  0.84  was  observed. 
2-Chlorosucclnate  behaves  similarly  In  that  when  unmethylated,  its  R^ 
value  was  0.76,  and  the  methylated  derivative  gave  an  R^  of  0.81.  Thus, 
methylatlon  may  not  greatly  change  the  mobility  of  acids  with  this  solvent 
system.  It  Is  tentatively  assumed  that  all  three  diffuse  peaks  represent 
acids . 

A second  method  of  Isolation  of  the  DDT-degradatlon  products  has 
been  developed  and  la  now  used.  This  procedure  is  outlined  In  Fig.  2, 
together  with  the  recovery  of  radioactivity  at  each  step.  This  pro- 
cedure Is  less  drastic  than  the  first  method  since  the  drying  and  boiling 
steps  are  eliminated.  The  recovery  In  this  instance  was  about  the  same 
as  In  the  first  procedure.  The  reason  for  the  apparent  loss  of  50Z  of 

the  radioactivity  after  extraction  with  acid  Is  now  being  Investigated. 

14 

It  should  be  noted,  however,  that  the  total  extraction  of  C from  the 
medium  was  achieved  after  acidification.  Indicating  that  the  metabolites 
are  acids. 

Purification  of  metabolites  for  GLC  and  mass  spectroscopy.  The  final 

ether  extract  containing  the  DDT  metabolites  also  contained  nonradioactlve 

products.  These  products  interfered  with  the  GLC  analysis  since  their 

concentration  was  high  enough  to  mask  that  of  the  DDT  metabolites. 

Elimination  of  much  of  this  Interfering  material  was  accomplished  by  TLC. 

ml  of  the  final 

This  was  achieved  by  placing  2.0yether  extract  on  a TLC  plate,  which  was 
developed  In  benzene: methanol  (50:50).  Most  of  the  radioactivity  remained 
■at  the  origin,  while  the  contaminating  nonradioactlve  material  moved  and 
exhibited  values  of  0.42  and  0.95.  The  ^^C-labeled  material  was  removed 
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f 


Figure  2.  Extraction  procedure  for  water-soluble  products 
of  DDT  metabolism. 


Hexanes-extracted 

medium 

1.13  X 10^  cpm 


Ether  extracted  twice 
I with  200  ml  ether 

> I 

Ether  phase  ' Water  phase 

^.54  X 10^  cpm 

Acidified  to  pH  1.5 

Ether  extracted  twice 
with  200  ml  ether 

r ' ~ I 

Ether  phase  Water  phase 

4.45  X 10^  cpm  1.51  X 10^  cpm 

Flash  evaporated  to  30  ml 

Add  5 ml  benzene: methanol  (4:1) 
to  drive  off  excess  water 

Flash  evaporated  to  5 ml 
> r 

Extract  of  DDT 
metabolites 

4.75  X 10^  cpm 
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from  the  plate  and  eluted  from  the  gel  with  water.  The  water  was 
acidified  and  the  products  extracted  Into  ether.  Appropriate  columns 
and  operating  conditions  to  allow  for  adequate  separation  of  the  volatile 
degradation  products  by  GLC  are  currently  being  sought.  This  will  then 
allow  the  metabolites  to  be  Injected  directly,  following  gas  chroma- 
tography, into  the  mass  spectrometer  for  definitive  Identification. 

Degradation  products  from  marine  Isolates.  Four  of  the  marine 
isolates,  all  bacteria,  most  active  In  solubilizing  DDT  were  grown  In 
large  volumes  of  a sea  water  medium.  These  cultures  were  extracted  by 
the  same  procedures  used  for  M.  altemans.  Although  the  extracts  have 
not  yet  been  characterized  chemically,  the  water-soluble  products  are 
volatile  at  33C  at  reduced  pressure.  Inasmuch  as  the  same  was  true  of 
the  degradation  products  generated  from  DDT  by  M.  alternans.  It  seems 
reasonable  to  believe  that  M.  alternans  Is  a suitable  model  for  the 
marine  bacteria. 

Effect  of  various  carbon  sources  on  DDT  degradation  by  natural 
marine  communities . Addition  of  various  carbon  sources  to  natural 
microbial  communities  may  enhance  DDT  metabolism  In  one  of  two  ways. 

First,  the  carbon  source  may  stimulate  different  groups  of  bacteria  to 
become  the  predominant  species  In  the  community.  Second,  it  may  Induce 
an  enzyme  system  which.  In  addition  to  catalyzing  a reaction  Involving 
Its  natural  substrate,  also  acts  to  catalyze  an  Initial  phase  In  the 
degradation  of  DDT.  Since  the  enzymes  which  cometabollze  DDT  are  unknown. 
It  Is  Impossible  to  determine  a priori  what  compound  would  stimulate  the 
cometabolism  of  DDT.  Consequently,  nearly  100  different  compounds,  listed 
In  Table  3,  have  been  tested  for  their  ability  to  enhance  the  conversion 
of  DDT  to  water-soluble  products. 


Table  3. 
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List  of  compounds  added  to  natural  marine  coomunltles 
In  an  attempt  to  enhance  DDT  solubilization. 


Acetic  acid 

Anthranlllc  acid 

4-Aniinopyridine 

m-Amlnophenol 

^Amlnobenzolc  acid 

Alginate 

Ascorbic  acid 

A-Chlororesorcinol 

Coumallc  acid 

Crotonlc  acid 

Citrate 

Catechol 

Chi tin 

Chlorodlphenylmethane 

0- Cresol 
Casamlno  acids 
Dlpyrldyl  (alpha,  alpha) 
Dlphenylmethane 
Ethoxybenzolc  acid 

Gum  arable 

Glucose 

Guaiacol 

Glutarlc  acid 

Glycerol 

Gelatin 

Glutamic  acid 

p-Hydroxybenzolc  acid 

4-Hydroxybutyrlc  acid 

trans-^-Hydroxymuconlc  acid 

4-Hyd  roxy d ipheny Ime  thane 

Kojic  acid 

Kynurenic  acid 

Laurie  acid 

Lignin 

Llnolelc  acid 

1- Leuclne 
Maleic  acid 

3- Methylcatechol 

4- Methylcatechol 
m-Methoxybenzoic  acid 
o-Methoxybenzolc  acid 
Muclc  acid 


Mannitol 
m-Methoxy phenol 
Methylmalonic  acid 
a-Naphtol,  alpha 
Oleic  acid 

2-Phenylbutyrlc 
fl^-Phenyl-o-cresol 
4-Phenylbutyrlc  acid 
Pectin 

Palmitic  acid 
Phenylalanine 
p-Phenyl phenol 
Phenylurea 
Phloroglucln 
Phthallc  acid 
Picolinlc  acid 
Pyruvic  acid 
Qulnaldlc  acid 
*utln 
Resorcinol 
Rlbose 

Sebacic  acid 
Shikimlc  acid 
Sodium  lauryl  sulfate 
Starch 
Succinate 
Syrlngic  acid 
Tannic  acid 
Tartaric  acid 
p-Toluic  acid 

2,4,6-Trlhydroxybenzolc  acid 

Tyrosine 

Urea 

Urethan 

Vanillin 

Yeast  extract 
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Since  the  Sagamore  Terrace  sampling  alee  seemed  to  contain  the 

most  DDT  decomposers,  all  the  samples  for  this  experiment  were  taken 

from  that  location.  Each  of  the  100  Erlenmyer  flasks  (300  ml)  received 

230  ml  of  surface  sea  water.  Course  gravel  from  the  upper  10  cm  of 

sediment  was  placed  In  a clean  container  and  mixed,  and  30  ml  of  the 

course  gravel  was  scooped  Into  each  of  the  100  flasks.  Test  compounds 

14 

(23  mg)  were  added  to  each  flask.  C-labeled  DDT  was  added  24  hr  later 
at  a concentration  of  2 |ig/ml  and  a specific  activity  of  1.0  pc/b.9  mg. 
Some  of  the  flasks  were  incubated  under  anaeroblosls.  Some  were  placed 
on  a rotary  shaker  at  28  C,  two  were  placed  under  continuous  Illumination, 
and  the  rest  were  Incubated  at  23  C in  the  dark.  Initial  samples  were 
taken  at  2 days  and  frozen  at  -30  C.  Four  samples  were  taken  during  the 
next  3 weeks  and  were  also  frozen  after  sampling.  At  the  end  of  3 weeks, 
the  gravel  was  also  removed  and  frozen.  These  samples  will  be  extracted 
and  the  radioactivity  of  each  fraction  determined.  The  extraction  and 
counting  scheme  to  be  used  is  outlined  In  Fig.  3. 

f 

Sorption  of  jiXJl  by  M.  alternans.  Ifycellal  mats  of  M.  alternans 

were  removed  by  filtration  from  the  glucose-salts  medium  supplemented 
14 

with  C-labeled  DDT,  and  they  were  washed  with  sterile  distilled  water 
and  returned  to  a fresh  salts  medium  containing  ^^C-DDT  but  lacking 
glucose.  Counts  of  the  radioactivity  remaining  in  the  medium  were  made 
during  the  incubation  period.  The  results  demonstrate  that  the  mycelium 
bound  most  o.f  the  added  DDT  and  then  the  bound  material  was  slowly 
released  (Table  4).  Moat  of  the  released  material  was  water-soluble, 
at  least  on  the  9th  day  of  Incubatloi^  since  very  little  radioactivity 
was  removed  by  hexane  extraction. 

To  further  characterize  the  pathway  of  metabolism,  bacteria  have 
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Figure  3.  Scheme  for  extraction  and  determination  of  the 
distribution  of  14-C-DDT  In  natural  marine 
coimiunltles . 


A box  drawn  around  a fraction  Indicates  that  the  radioactivity 
of  that  fraction  will  be  measured. 
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Table  k.  Sorption  of  DDT  by  Mucor  alternans  mycelium  and 

14 

the  subsequent  release  of  C-labeled  compounds. 


Time  after  addition 
of  DDT 

Radioactivity  in 
culture  fluid  (cpm/ml) 

0 

6A84® 

2 hr 

687 

1 day 

3990 

5 days 

7288 

9 days 

6750 

a 


Radioactivity  in  solution  before  mixing 
with  fungus  cells 
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been  obtained  which  are  able  to  grow  on  and  degrade  several  analogues 
of  DDT  metabolites.  The  compounds  are  diphenylmethane , benzhydrol  and 
phenylacetic  acid,  which  are  the  non-halogenated  analogues  of  bis- 
(£-chlorophenyl)methane  (DDM) , 4,4»'-dlchlorobenzhydrol  (DBH)  and  £- 
chlorophenylacctic  acid.  Various  of  the  isolates  have  been  found  to 
cometabolize  DDM  and  DBH  and  to  metabolize  a variety  of  other  compounds 
structurally  related  to  likely  intermediates  in  DDT  biodegradation,  but 
the  products  have  not  yet  been  identified. 
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C.  DISCUSSION 

Because  of  the  persistence  of  DDT  In  marine  and  soli  environments 
and  its  extensive  use  abroad,  DDT  residues  continue  to  accumulate. 

Woodwell  e^  ad.  (23)  presented  estimates  of  the  accumulation  of  DDT  In 

9 

the  oceans.  The  total  amount  was  roughly  2.4  X 10  g,.  most  apparently 

associated  with  marine  algae  (6,23).  Sedimentation  of  organic  matter, 
to  which  DDT  Is  bound,  transports  residues  to  the  abyss.  DDT  may 
accumulate  In  the  abyss  since  these  regions  exhibit  only  limited  bacterial 
degradatlve  activity  (12).  In  addition,  the  transfer  rates  for  organic 
compounds  out  of  the  abyss  are  of  the  order  of  hundreds  to  thousands  of 
years  (23) . 

The  lack  of  microbial  degradation  in  nature  Is  not  the  result  of  the 
nonexistence  of  species  capable  of  destroying  che  insecticide  because 
microorganisms  able  to  degrade  DDT  extensively  have  been  Isolated  from 
both  soil  and  sewage  (17,18).  Moreover,  marine  Isolates  have  been  found 
that  modify  the  two  non-ring  carbon  atoms  of  DDT  (16),  but  the  production 
of  ring-cleavage  products  owing  to  extensive  enzymatic  attack  has  not 
been  demonstrated.  We  have  used  the  solubilization  of  DDT  as  an  Index 
of  extensive  degradation  of  DDT;  it  must  be  acknowledged,  however,  that 
this  criterion  must  be  deemed  an  assumption  only  until  these  products 
are  Identified. 

The  results  presented  indicated  that  nearly  50Z  of  the  randomly 
chosen  marine  Isolates  solubilized  5X  to  lOX  of  the  added  DDT  in  7 to  18 
days.  This  Is  in  agreement  with  data  of  Pfaender  and  Alexander  (18) 
concerning  the  ability  of  sewage  bacteria  to  degrade  DDT.  They  found 
that  as  many  as  90Z  of  the  randomly  selected  Isolates  from  sewage  to 
which  glucose  was  added  converted  at  least  lOX  of  the  DDT  to  products. 
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This  poBc-H  tlic  question;  why  la  DDT  not  degraded  quickly  In  the  oceans 
or  other  bodies  of  water  when  so  many  microorganisms  seem  Co  be  able  to 
perform  at  least  certain  steps  in  the  degradation. 

A number  of  reasons  for  the  persistence  of  compounds  in  nature  have 
been  proposed  by  Alexander  (1).  Some  have  a direct  bearing  on  the 
persistence  of  DDT.  One  possibility  is  Chat  the  bacteria  capable  of 
degrading  DDT  are  physically  separated  from  it.  Since  the  solubility  of 
DDT  in  water  is  about  0.002  ppm  and  the  solubility  in  animal  fat  is  about 
100,000  ppm  (16),  a large  percentage  of  the  DDT  will  be  partitioned  into 
fat.  DDT  is  known  to  accumulate  in  algae  (20,23),  plankton  (6),  clams, 
oysters,  fish,  etc.  Thus,  the  concentration  of  DDT  in  estuaries  would 
be  lowered  by  the  entrance  of  DDT  into  living  organisms.  In  addition, 
non-living  organic  material  can  bind  DDT;  for  example,  simple  organic 
molecules  (22)  and  dead  algae  (20).  All  or  most  of  the  DDT  retained 
in  animal  fat  would  be  unavailable  for  microbial  degradation.  The 
availability  of  DDT  bound  to  non-living  organic  material  is  not  presently 
known.  We  have  demonstrated  the  sorption  of  DDT  to  M.  altemans , this 
representing  another  example  of  the  ability  of  microbial  cells  to  bind  DDT. 
Hicks  and  Comer  (14)  presented  evidence  that  Bacillus  megaterium  retained 
a maximum  of  1.7  ^g  of  DDT/mg  cell  dry  weight.  About  75t  of  this  DDT 
was  located  in  the  membrane.  They  also  observed  that  the  released  material 
was  more  soluble  than  DDT.  Microbial  solubilization  and  possibly 
degradation  may  require  binding  of  the  Insecticide  to  microbial  cells, 
the  result  being  that  the  species  capable  of  DDT  degradation  are  competing 
with  all  the  other  living  and  non-living  substances  that  bind  the  pesticide. 

Another  reason  for  the  persistence  of  DDT  may  be  that  microbial 
communities  in  the  ocean  inhibit  or  alter  the  ability  of  the  active  species 
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to  decompose  DOT.  This  hypothesis  Is  supported  by  a report  that  a DDT- 
decomposlng  fungus  was  inhibited  In  Its  action  on  the  pesticide  by 
other  soil  fungi  (4). 

Low  enzyme  specificity  or  binding  affinity,  coupled  with  the  very 
low  concentration  of  DDT  In  water, could  well  be  a major  factor 
contributing  to  DDT  persistence.  Previous  Investigators  have  shown  that 
DDT  can  be  converted  to  4,4'-dlchlorodlphenylmethane  (DWl)  (11,17).  If 
DDM  Is  Indeed  produced  In  nature,  removal  of  the  chlorine  atoms  on  the 
rings  would  produce  dlphenylmethane  (DPM),  which  can  be  extensively 
metabolized  by  a number  of  bacteria  (10).  Nonspecific  dehalogenases 
might  be  Involved  In  this  conversion;  however,  as  far  as  Is  kno%m, 
dehalogenases  tend  to  be  highly  specific  (13)  and  do  not  metabolize  a 
wide  range  of  substrates. 

DDT  Is  most  likely  cometabolized  In  nature  since  no  one  has  yet 
isolated  an  organism  able  to  grow  on  DDT  as  a sole  source  of  carbon. 

Focht  and  Alexander  (9)  have  shown  that  DDM  can  be  converted  to  PCPA 
and  that  PCPA  can  be  further  metabolized  by  other  microorganisms  to 
ring  fission  products,  possibly  S-chloro-substituted  acids  (8). 

Pfaender  and  Alexander  have  also  demonstrated  that  PCPA  can  be  further 
metabolized  (17).  Thus,  enzyme  systems  do  exist  for  the  cometabolism 
of  DDT,  although  no  Information  concerning  the  specificity  of  these 
enzymes  Is  known. 

The  presence  of  a£-chloro  substituent  on  the  rings  of  DDT  presents 
a formidable  obstacle  to  the  ortho-1. 2-oxygenases  which  commonly  cleave 
aromatic  rings.  Dagley  (7)  presented  evidence  that  ortho-cleaving  enzymes 
were  not  generally  active  on  rings  with  substituents  on  them.  Ortho- 


cleavage would  likely  produce  2-chloro8ucclnlc  acid;  we  have  tested  for 
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this  compound,  but  none  was  found  In  culture  fluids  of  H.  alternans . 

The  enzymes  Involved  In  meta-cleavage  (1.  e.,  catechol  2,3-oxygenase) 
are  generally  more  active  on  compounds  with  substituents  on  the  ring  (7). 

A meta-type  of  ring  cleavage  would  probably  produce  B-chloro-substituted 

acids  from  DDT,  as  suggested  by  Focht  and  Alexander  (8).  In  support  of 

a meta-cleavage  mechanism,  Horvath  (15)  demonstrated  that  chloro-substltuted 

catechols  were  metabolized  by  a meta-cleavlng  oxygenabe.  The  production 

of  3-chloro-sub3tltuted  acids  from  DDT  seems  to  be  plausible;  hence, 

we  plan  to  search  for  them  in  cultures  of  M.  alternans  and  of  the  marine  Isolates. 

The  unknown  water-soluble  metabolites  produced  from  DDT  by  M.  alternans 
are  probably  adds.  The  products  were  shown  not  to  be  DDT,  DDA,  DBH, 

DBF,  PCPA,  or  2-chloro8ucclnlc  acid.  Thus,  the  water-soluble  metabolites 
of  DDT  are  possibly  new  breakdown  products. 

The  hypothesis  that  nutrient  availability  Is  limiting  the  DDT- 
degrading  species  In  marine  waters  is  also  being  Investigated.  This 
hypothesis  seems  reasonable  because  Che  carbonaceous  and  nitrogenous 
nutrients  source  Influence  the  ability  of  M.  alternans  to  metabolize  DDT 
(3). 
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Media.  Mucor  alternans  was  grown  in  a g i ucose-sa I ts  medium  containing  5 q glu- 
cose, 1 g NH.NO  , 1 g K HPO^,  I g KH,P0^,  0.2  g MgSOj^,  0.02  g CaCl2.2H20.  0.01  g 
Fe2S0,,  and  lOOw  ml  distilled  water  13).  The  basal  sea  water  medium  contained 
filtered,  aged  sea  water  containing  0.1%  (NH^)2S0^,  1%  K2HP0j^,  and  1%  K2HP0j^. 

The  growth  factor  stock  solution  contained  I g yeast  extract  plus  I g casamino 
acids  per  100  ml  of  distilled  water.  Unless  otherwise  stated,  growth  factors 
were  added  to  give  a final  concentration  of  0.02%.  Stock  cultures  were  main- 
tained on  agar  slants  containing  1.0  g peptone,  2 g glucose,  0.03  g K2HP0|^,  13  g 
agar,  and  1000  ml  of  aged  sea  water. 


Thin- layer  chromatography.  The  chemicals  were  spotted  on  Chromatogram  Sheet 
SoSoTii  ica  gel  (Eastman)  bearing  a fluorescent  Indicator.  After  development, 
the  spot*  .;ere  visualized  with  UVS  12  Mineralight  (Ultraviolet  Products,  Inc., 
San  Gabriel,  Calif.).  Chromatograms  to  be  counted  for  their  radioactivity  were 
cut  into  k cm  strips  and  counted  with  an  Actigraph  111  strip  counter  (Nuclear- 
Chi  cago  Corp. ) . 

Gas- liquid  chromatography.  A Varian  1700  Gas  Chromatograph  equipped  with  a 
®^Ni  electron  capture  detector  and  two  6-ft  X 1/8  In.  glass  colums  was  used. 
Pre-tested  packing  material  was  purchased  from  Applied  Science  Laboratories. 

The  first  column  was  3%  OV-1  on  Gas-Chrom  Q,  AW,  DMCS,  100/120  mesh.  The  other 
column  was  10%  DC  200  on  Gas-Chrom  Q,  AW,  DMCS,  100/120  mesh.  Operating  condi- 
tions were:  203  C,  injector;  l80  or  193  C,  column;  and  260  C,  detector.  The  flow 
of  No  gas  through  the  column  gave  a retention  time  for  DDT  of  about  20  min  for 
the  OV-l  column  and  23  min  for  the  DC  200  column. 


Scintillation  counting.  Samples  of  0.1  to  0.3  ml  were  placed  into  scintilla- 
tion vials  and  10  to  13  ml  of  Bray's  scintillation  fluid  (7)  was  added.  The 
vials  were  counted  with  a Mark  I liquid  scintillation  counter  (Nuclear  Chicago 
Corp. ) . 

Mass-spectrometry . Samples  were  adsorbed  onto  silica  gel,  and  the  gel  was 
placed  into  a special  capillary  tube.  Crystalline  samples  were  directly  added 
to  the  tubes.  The  samples  were  proce^^ed  by  the  N.I.H.  Biotechnology  Resources 
Mass-Spectrometry  Facility  at  the  Dept,  of  Chemistry,  Cornell  University. 

Nuclear  magnetic  resonance  spectrometry.  Samples  of  10  to  30  mg  were  dissolved 
in  0.2  ml  CDClj  (Mai  I inckrodt) , and  the  spectra  were  obtained  using  a Varian 
860A  NMR  Spectrometer. 

Infra-red  Spectrometry.  Infra-red  spectra  were  obtained  on  1 to  3 mg  samples 
incorporated  into  100  mg  KBr  mini-discs  using  a Perkin-Elmer  Infracord  infra- 
red spectrophotometer. 

Measurement  of  biological  oxygen  demand  (BOD).  BOD  was  measured  in  standard 
300  ml  bottles.  The  basal  mineral  salts  medium  contained  1.6  g K2HPOJ1,,  O.k  g 
KHoPO^,  0.2  g MgSO/.,  0.025  g CaS0i,.2H20,  0.0025  g FeS0jj.7H20,  0.082  g (NH.)2S0., 
and  I liter  distilled  water,  and  the  pH  was  7-0.  The  basal  medium  was  aerated** 
for  at  least  12  hr  to  saturate  the  medium  with  (>2.  DDT  analogs  contained  in  an 
acetone  solution  were  added  to  each  bottle,  the  acetone  was  evaporated,  and 
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then  the  oxygen-saturated  basal  medium  was  added  with  the  inoculum.  The  bottles 
were  incubated  submerged  In  a water  bath  at  25  C.  Dissolved  oxygen  was  measured 
using  a Biological  Oxygen  Monitor  (Yellow  Spring  Instruments  Co.).  The  alkali- 
azide  modification  of  the  standard  iodometric  method  was  used  to  standardize  the 
oxygen  meter  for  1001  saturation  (2).  After  incubation  and  measurement  of  oxygen 
content,  nitrite  plus  nitrate  was  measured  by  the  method  of  Montgomery  and  Oymock 
(23). 

Manometry.  Standard  manometric  procedures  were  used  (28).  Each  flask  received 
2 umoles  of  substrate  in  acetone  in  the  main  compartment.  The  acetone  was  evapo- 
rated under  a stream  of  N2  gas,  and  2.5  ml  of  sterile  sea  water  was  added  to  the 
dry  substrate.  The  side  arm  received  0.5  ml  of  cells,  and  the  center  well  re- 
ceived 0.2  ml  of  20%  KOH.  Measurements  were  started  by  tipping  in  the  cells 
from  tne  side  arm. 

Chemicals.  1 , 1 , 1 -Tr Ich loro-2 ,2-bl s (£-chlorophenyl )ethane  (DOT),  2,2-bls  (g^-chloro- 
pheny I )acet i c acid  (ODA),  A,A'-dichlorobenzophenone  (DBP) , ^,l*'-dichlorobenzhydrol 
(OBH),  and  £-chlorophenyl acetic  acid  (PCPA)  were  obtained  from  Aldrich  Chemical 
Co.,  Milwaukee,  Wis.  2-Ch1orosuccinlc  acid  was  purchased  from  K and  K Labora- 
tories, Plainview,  N.  Y.  Labeled  ^^C-DDT  was  provided  by  New  England  Nuclear, 
Boston,  Mass.  Hexanes  used  for  extractions  were  pesticide  grade  from  Fisher 
Scientific  Co.,  Fair  lawn,  N.  J.  Column  packing  materials  were  purchased  from 
Applied  Science  Laboratories,  State  College,  Pa. 

B.  RESULTS 


Water-soluble  products  formed  by  Mucor  al ternans.  Mucor  a 1 ternans  converts 
of  the  DDT  supplied  to  the  fungus  to  water-soluble  products  In  7 days  (3) 
Since  this  rate  of  conversion  was  3 to  I*  times  faster  than  that  of  the  marine 
bacteria,  the  pathway  of  breakdown  and  the  Identities  of  the  products  formed 
by  the  fungus  were  investigated.  Analysis  of  these  metabolites  by  thin-layer 
chromatography  and  by  gas-liquid  chromatography  has  shown  that  the  products 
may  be  unique  and  not  described  heretofore  inasmuch  as  they  were  found  to  be 
distinct  from  2,2-bis  (£-chloropheny  1 )acet  ic  acid,  -di  chlorobenzophenone, 
4,l»'-dichlorobenzhydrol , £-ch1oropheny I acetic  acid,  and  2-chiorosucclnl c acid 


In  order  to  obtain  large  amounts  of  the  products,  M.  al ternans  was 
grown  in  a 10  liter  fermentor  in  the  presence  of  '^C-labeled  DDT. 
conditions,  however,  M.  a 1 ternans  did  not  convert  DDT  to  water-soluble 
lites.  On  the  other  hand.  If  the  fungus  was  grown  In  2 liter 
ing  500  ml  of  broth  plus  ^^C-OOT  and  the  products  were  pooled,  nearly  80O  pg 
of  a preparation  containing  the  products  was  obtained  for  each  4 liters  of 
medium. 


ini tiai 1y 
Under  these 
metabo- 
fiasks  contain- 


The  water-soluble  products  were  extracted  with  hexane  and  concentrated  accord- 
ing the  scheme  shown  in  Figure  I. 

Purification  of  water-soluble  products.  The  water-soluble  products  In  the 
ether  extract  were  separated  by  thin- layer  chromatography.  A portion  of  the 
concentrated  ether  extract  was  applied  in  a narrow  band  on  two  silica  gel  plates 
and  developed  in  methanol -water  (75:25).  After  development,  the  plates  were 
dried  In  air,  and  a strip  was  cut  from  the  plate.  The  '^C-contalning  areas  on 
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Figure  1.  Procedure  for  extracting  water-soluble  products  of  DOT 
metabol ism. 
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the  plate  were  located  using  an  Actigraph  III  stripscanner.  The  results  pre- 
sented in  Figure  2 indicate  that  at  least  three  components  were  present,  since 
three  radioactive  peaks  were  found.  The  procedure  employed  separated  the 
radioactive  compounds  from  the  unlabeled  yellow  products.  The  dashed  lines 
in  Figure  2 designate  the  section  of  the  chromatogram  removed  from  the  plates 
for  extraction  and  further  purification. 

The  silica  gel  containing  the  water-soluble  products  was  extracted  with  water, 
and  the  liquid  was  filtered  to  remove  the  silica  gel,  acidified  to  pH  1.5,  and 
ext 
of 

presumably  they  occurred  during  flash  evaporation.  The  entire  extract  was 
spread  in  a thin  band  on  a second  silica  gel  plate  and  developed  in  ethanol 
NH/,OH:water  (|A0:7:28).  The  results  of  this  separation  are  given  in  Figure  3. 
Some  non- radioactive  UV  absorbing  material  was  evident  near  the  solvent  front, 
but  it  was  completely  separated  from  the  ^’C-labeled  products.  The  two  radio- 
active peaks  designated  S and  F,  were  removed  separately  from  the  plate.  Each 
was  extracted  with  water,  and  the  water  phase  was  filtered,  acidified,  and  ex- 
tracted with  ether.  The  recovery  of  material  after  concentration  of  the 
ether  extract  was  68%.  At  this  stage  of  purification,  about  2k  pg  of  component 
S and  22  pg  of  component  F remained. 

Preparation  of  samples  for  mass  spectrometry.  One-half  of  extract  S (12  pg) 
was  placed  in  one  small  spot  on  a strip  of  silica  gel  and  developed  in  methanol 
water  (75‘.25).  The  strip  was  then  examined  for  radioactivity.  The  result  is 
shown  in  Figure  it.  Two  small  faint  UV-absorbing  spots  were  observed,  and  these 
corresponded  with  the  location  of  the  activity  on  the  gel.  These  spots  and 
also  a control  portion  of  gel  were  removed  and  placed  into  small  capillary  tubes 
and  analyzed  by  mass  spectrometry.  The  mass  spectrum  of  the  control  gel  showed 
no  peaks  above  m/e  57- 

If  these  products  contain  chlorine,  as  do  all  reported  products  of  DDT  degrada- 
tion, the  parent  ion  and  Its  fragments  should  show  distinctive  chlorine  couplets 
by  mass-spectral  analysis.  These  couplets  result  from  the  natural  chlorine  iso- 
topes, 35ci  and  37ci,  which  occur  in  a 3:1  ratio.  No  such  chlorine  couplets 
were  found  for  the  two  compounds  in  fraction  S,  and  no  parent  ion  was  detected. 
Consequently,  an  identity  or  a molecular  weight  cannot  yet  be  assigned  to  either 
component. 

An  insufficient  quantity  of  product  was  present  for  a definitive  mass  spectrum. 
Consequently,  the  remaining  12  pg  of  fraction  S was  placed  in  one  50  mm^  spot 
on  a silica  gel  thin-layer  plate;  the  gel  within  the  spot  was  removed,  placed 
Into  a capillary  tube,  and  subjected  to  mass-spectral  analysis.  The  resulting 
spectrum  showed  no  distinctive  Cl  couplets  and  no  parent  ion  could  be  Identi- 
fied. The  tnajor  peaks  were  at  m^  177t  U9.  1^7.  131.  129.  121  , 105,  103,  and 
89. 

Fraction  F was  analyzed  by  placing  the  entire  extract  (22pg)  on  one  8o  mm 
spot  on  a silica  gel  plate.  A sample  of  the  spot  was  placed  Into  a capillary 
tube  and  examined  by  mass  spectrometry.  No  parent  peak  or  Cl  couplets  were 
found,  however.  The  major  m/e  peaks  were  146,  145,  119,  103,  and  89. 


inis  ether 


C material  being  about  S0%* 


• V ^ * 7 


extract  was  evaporated  to  5 ml. 

The  losses  could  not  be  accounted  for,  but 
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Since  the  purity  of  components  S and  F was  not  established,  the  hypothesis 
that  these  water-soluble  products  do  not  contain  chlorine  must  be  tempered 
since  impurities  could  have  obscured  the  mass  spectrum.  On  the  other  hand, 
these  compounds  may,  in  fact,  not  contain  chlorine,  particularly  since  they 
do  not  appear  to  be  any  of  the  DDT  metabolites  heretofore  described. 

Two  approaches  will  be  used  to  determine  whether  these  metabolites  contain 
chlorine.  First,  the  release  of  chloride  will  be  measured  as  M.  a 1 ternans 
metabolizes  DDT.  If  the  products  are  halogen-free,  the  release  of  chloride 
should  correspond  stoichiometrical ly  with  the  appearance  of  water-soluble 
products,  the  stoichiometric  quantity  being  5 moles  of  chloride  per  mole  'Re- 
labeled DDT.  Second,  the  capacity  of  microorganisms  from  natural  habitats 
to  produce  'RCO2  from  the  labeled  metabolites  will  be  assessed:  If  these  com- 
pounds do  not  contain  para-substi tuted  chlorine  atoms,  they  presumably  would 
serve  as  carbon  and  energy  sources  for  many  microorganisms.  If  the  absence  of 
chlorine  is  confirmed  in  subsequent  studies,  the  water-soluble  compounds  are 
probably  generated  by  a pathway  involving  the  most  extensive  degradation  of 
DDT  so  far  reported  for  a single  organism,  since  all  products  described  to  date 
contain  chlorine.  It  should  be  pointed  out,  however,  that  several  problems 
are  associated  with  the  identification  of  these  metabolites;  namely,  extremely 
small  amounts  of  material  are  available,  rather  large  losses  occur  during  each 
stage  of  purification,  and  crystalline  chemicals  have  not  yet  been  obtained. 

Conversion  of  di pheny Imethane  to  1 , 1 , 1 * , I *-tetrapheny Idimethy I ether.  Because 
no  microorganism  has  ever  been  found  to  grow  at  the  expense  of  DDT,  diphenyl- 
methane  was  used  as  a carbon  source  to  obtain  species  which  might  be  able  to 
alter  DDT  or  to  generate  intermediates  during  the  cometabolism  of  the  Insecti- 
cide. Bacteria  were  readily  obtained  using  this  non-chlorinated  analogue  of 
DDT  as  a carbon  source,  and  two  of  the  isolates  were  found  to  be  able  to  solu- 
bilize DDT . 

To  further  characterize  how  such  molecules  are  destroyed,  products  formed  during 
di pheny Imethane  metabolism  were  sought.  One  isolate  was  found  to  convert  the 
non-ha logenated  analogue  to  I , 1 , I ' , I ' -tetrapheny Idimethy I ether.  This  is  the 
first  report  of  the  biosynthesis  of  this  novel  compound,  and  it  represents  a 
class  of  substances  not  previously  sought,  either  in  culture  or  in  natural 
waters.  Its  identity  was  confirmed  by  mass  spectral  analysis  and  by  nuclear 
magnetic  resonance  characteristics,  and  the  bacterial  product  was  confirmed  to 
be  the  tetraphenyl  compound  by  a comparison  of  its  melting  point,  solubility 
characteristics,  and  infra-red  spectrum  with  those  of  an  authentic  preparation 
synthesized  by  the  method  of  Pratt  and  Draper  (27).  Such  a dimerization  to 
yield  the  ether  is  unique  in  the  biological  alteration  of  Insecticides. 

Further  work  is  currently  in  progress  to  establish  the  compounds  synthesized 
as  these  bacteria  cometabolize  other  Intermediates  known  to  be  excreted  as 
DOT  is  transformed  in  nature  or  in  culture;  e.g.,  i*,l*'-dichlorodi  pheny  Imethane, 
lt,4'-dichlorobenzophenone  (OBP) , and  -dichlorobenzhydrol  (DBHK 

Effect  of  organic  matter  on  DDT  degradation  by  marine  communities.  The  add  1 - 
tlon  of  organic  matter  to  natural  microbial  communities  may  enhance  DOT  metabo- 
lism because:  (a)  various  carbon  sources  may  stimulate  dissimilar  groups  of 
bacteria  to  become  the  predominant  species  in  the  community  or  (b)  one  or  more 
may  induce  an  enzyme  system  which,  in  addition  to  catalyzing  a reaction  involv- 
ing the  natural  substrate,  also  catalyzes  an  initial  phase  in  the  degradation 
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of  DOT.  Since  the  enzymes  which  cometabolize  DDT  are  unknown,  it  is  impossible 
to  determine  a priori  what  compound  would  stimulate  the  cometabolism  of  DDT. 
Consequently,  nearly  80  compounds  listed  in  Table  I were  tested  for  their 
ability  to  enhance  the  conversion  of  DDT  to  water-soluble  products. 

Since  the  Sagamore  Terrace  site  contained  an  abundance  of  DDT-metabol izing 
bacteria  (18),  all  the  samples  for  this  experiment  were  taken  from  that  loca- 
tion. Each  of  the  Erlenmeyer  flasks  (500  ml)  received  250  ml  of  surface  sea 
water.  Course  gravel  from  the  upper  10  cm  of  sediment  was  placed  In  a clean 
container  and  mixed,  and  50  ml  of  the  course  gravel  was  scooped  into  each  of 
the  flasks.  Test  compounds  (25  mg)  were  added  to  each  reaction  vessel.  Car- 
bon- 1 label  ed  DDT  was  added  2^  hr  later  at  a concentration  of  2 ug/ml  and  a 
specific  activity  of  1.0  uc/6.9  mg.  Some  of  the  flasks  were  Incubated  under 
anaerobiosis,  some  were  placed  on  a rotary  shaker  at  28  C,  two  were  placed 
under  continuous  illumination,  and  the  rest  were  Incubated  at  23  C in  the  dark. 
Initial  samples  were  taken  at  2 days  and  frozen  at  -30  C,  and  k samples  were 
taken  during  the  next  5 weeks  and  were  also  frozen.  At  the  end  of  5 weeks,  the 
gravel  was  removed  and  frozen.  The  water-soluble  products  were  extracted  accord- 
ing the  scheme  shown  in  Figure  5,  and  the  radioactivity  was  then  measured. 

The  5“week  samples  were  analyzed  first  for  production  of  water-soluble  products. 
The  results  are  shown  in  Tables  1-3.  It  is  apparent  from  these  data  that  in  no 
case  were  water-soluble  DDT  metabolites  produced  by  these  model  ecosystems. 

The  average  recovery  of  ^^C  added  material  was  approximately  90^.  The  few  very 
low  and  very  high  recoveries  probably  resulted  from  the  particulate  nature  of 
DDT  in  solution  (6),  as  indicated  by  its  lack  of  passage  through  a Whatman  no. 

1*2  filter  paper;  i.e.,  DDT  was  not  distributed  uniformly  in  each  sample  taken 
from  the  500  ml  flask.  For  the  few  samples  with  C remaining  in  the  filtrate, 
all  was  removed  by  Millipore  filtration  or  by  hexane  extraction. 

These  results  using  model  marine  communities  are  in  marked  contrast  with  the 
results  of  studies  of  pure  cultures  of  marine  bacteria,  in  which  it  was  observed 
that  nearly  S0%  of  the  individual  bacteria  were  capable  of  solubilizing  DDT. 

In  the  present  study,  none  of  the  natural  communities  produced  such  metabolites. 

Metabolism  of  para-substituted  aromatic  compounds.  In  order  to  degrade  DDT  ex- 
tensively, a microorganism  must  have  the  abl 1 1 ty  to  remove  the  chlorine  atoms 
from  the  aromatic  rings.  It  has  been  shown  that  adenosine  deaminase,  which 
catalyzes  the  removal  of  amino  groups  from  adenosine,  can  also  remove  a chlorine 
substituted  in  place  of  the  amino  group.  Since  other  enzymes  removing  carbon- 
linked  substituents  may  exhibit  a similar  capacity  to  effect  a dechlorination 
reaction,  a number  of  marine  bacteria  able  to  grow  on  para-substi tuted  aromatic 
compounds  were  sought. 

To  isolate  bacteria  capable  of  using  individual  aromatic  compounds  as  sole 
sources  of  carbon,  enrichment  cultures  were  established.  Each  enrichment  con- 
tained 50  ml  of  sea  water  basal  broth  plus  25  mg  of  the  aromatic  compound.  Each 
was  inoculated  with  1.0  ml  of  surface  water  plus  sediment  from  the  Sagamore 
Terrace  site.  After  S,  9,  end  30  days  of  Incubation,  approximately  0.05  mi  of 
the  enrichment  was  spread  on  agar  plates  containing  0.025%  of  the  appropriate 
aromatic  compound.  Colonies  appearing  on  these  plates  were  picked  and  Inocu- 
lated into  a basal  broth  medium  containing  0.025%  of  the  same  aromatic  compound 
plus  growth  factors.  Those  isolates  able  to  grow  in  the  broth  were  isolated 
and  stored  on  slants. 
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Table  I.  Effect  of  nutrient  additions  on  the  ability  of  model  marine  eco- 
systems to  convert  *'*C-00T  to  water-soluble  products. 
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Carbon  source 

CPM  before 
f i 1 1 ra  t i on 

CPM  after 
filtration 

'‘*C  recovered 
on  f 1 1 ter  pad 

Acetic  acid 

I4A.000 

0 

93 

Anthrani 1 ic  acid 

112,000 

0 

102 

i»-Ami  nopyridine 

70,800 

0 

169 

m-Ami nophenol 

|l*lt,000 

0 

74 

m-Ami nobenzoic  acid 

71,100 

0 

74 

Alginate 

95,900 

0 

91 

Ascorbic  acid 

105,000 

0 

97 

i4-Chlororesorcinol 

119,000 

0 

- 

Coumal ic  acid 

123,000 

0 

89 

Croton ic  acid 

169,000 

0 

60 

C i trate 

135,000 

0 

92 

Catechol 

73,000 

0 

125 

Chi  tin 

103,000 

600 

91 

Ch 1 orod i pheny 1 me thane 

114,000 

1073 

82 

o^-C  resol 

192,000 

0 

78 

Casami no  aci ds 

141,000 

0 

84 

Dipyridyl  (alpha, alpha) 

198,000 

0 

73 

Diphenyl me thane 

153,000 

0 

- 

Ethoxy benzoic  acid 

189,000 

0 

77 

Gum  arabic 

80,400 

0 

86 

G 1 ucos  e 

153,000 

0 

93 

Guaiacol 

143,000 

0 

92 

Glutaric  acid 

148,000 

0 

102 

Glycerol 

171,000 

0 

67 

Gelatin 

118,000 

0 

91 

Glutamic  acid 

140,000 

580 

103 

p^-Hydroxbenzoi c acid 

159,000 

0 

81 

M-Hydroxybutyric  acid 

153,000 

0 

82 

trans-6 -Hydroxymuconic  acid 

150,000 

0 

103 

l»-Hydroxyd  i pheny  Imethane 

98,900 

0 

116 

Kojic  acid 

220,000 

0 

57 

Kynurenic  acid 

166,000 

0 

90 

Laurie  acid 

89,000 

0 

117 

Lignin 

120,000 

0 

83 

L Inole 1 c acid 

150,000 

0 

81 

L-Leuc i ne 

105,000 

0 

128 

Haleic  acid 

3-Hethy Icatechol 

154,000 

0 

105 

4-Hethyl catechol 

127,000 

536 

81 

m^-Methoxybenzoic  acid 

220,000 

0 

65 

o-Methoxybenzoic  acid 

88,000 

0 

72 

Mucic  acid 

199,000 

0 

77 
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Table  I - continued 


Hanni to) 

131,000 

A87 

6A 

m^-Me  thoxypheno  1 

1 AO. 000 

0 

99 

Methylmalonic  acid 

lAl .000 

0 

97 

Naphthol,  alpha 

13A.000 

0 

85 

Oleic  acid 

98.000 

0 

106 

2-Pheny Ibutyrlc  acid 

129.000 

0 

88 

a-Phenyl-o-c resol 

IA9.OOO 

0 

8A 

l4-Pheny Ibutyric  acid 

105.000 

659 

95 

Pectin 

179,000 

0 

85 

Palmi t ic  acid 

102.000 

0 

99 

Phenylalanine 

92.600 

0 

72 

£-Pheny  1 phenol 

139,000 

0 

9A 

Pheny 1 urea 

117,000 

0 

loA 

Phloroglucinol 

I2A.000 

0 

96 

Phthal ic  acid 

122.000 

0 

93 

Picol inic  acid 

72.AOO 

0 

83 

Pyruvic  acid 

151.000 

0 

90 

Quinaldic  acid 

110.000 

0 

112 

Rutin 

116.000 

0 

89 

Resorc i nol 

130.000 

0 

90 

RIbose 

183.000 

0 

73 

Sebacic  acid 

120.000 

0 

120 

Shikimic  acid 

lOA.OOO 

0 

88 

Sodium  laury Isul fate 

119.000 

0 

- 

Starch 

lOA.OOO 

0 

77 

Succinate 

260.000 

0 

58 

Syringic  acid 

121.000 

0 

92 

Tannic  acid 

321,000 

0 

53 

Tartaric  acid 

92,300 

0 

82 

£-Tolui c acid 

95.000 

0 

78 

2,k,6-Trihydroxybenzoic  acid 

236.000 

0 

56 

Tyros i ne 

133.000 

652 

73 

Urea 

IA7.OOO 

536 

78 

Urethan 

215.000 

0 

63 

Vani 1 1 i n 

152.000 

0 

80 

Yeast  extract 

112.000 

0 

88 

Hill ipore 
filter 


Fi 1 trate 


FI  I ter 


Hexane 


Hexane 

extracted 
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Table  2.  Effect  of  nutrient  additions  on  the  ability  of  model  marine  eco- 
systems to  convert  ODT  to  water-soluble  products  under  anaerobic 
condi tions. 


Treatment 

Nutrient  addition 

CPM  before 
filtration 

CPM  after 
f 1 1 tratlon 

recove 
from  filter  | 

Dark 

No  additions 

15,200 

0 

109 

Dark 

+N+P 

40,900 

701 

44 

Dark 

+N+P+Glucose 

42,500 

8533 

43 

Dark 

+N+P+Catechol 

23,500 

8378 

55 

Dark 

+N+P+Rutln 

42,600 

0 

30 

Dark 

+N+P+Palmi tic  acid 

44,000 

0 

57 

Dark 

+N+P+D i phany 1 methane 

33,400 

2192 

51 

Dark 

+N+P+4-He  thy 1 ca  techo 1 

52,700 

0 

84 

Dark 

•H4'*-P-»-4-Pheny Ibutyric  acid 

42,100 

2149 

43 

Light 

No  addi tions 

22,000 

0 

SO 

Light 

+N+P 

29,600 

1157 

96 
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Table  3.  Effects  of  nutrient  additions  on  the  ability  of  model  marine  eco- 
systems to  convert  DDT  to  water-soluble  products  under  aerobic 
conditions. 


T reatment 

Nutrient  addition 

CPM  before 
f i 1 tratlon 

CPM  after 
filtration 

% recovered 

from  f 1 1 ter  pad 

Dark 

No  add! tions 

'*3,900 

0 

138 

Dark 

+N+P 

76,900 

0 

108 

Dark 

+N+P+Catechol 

83,200 

0 

106 

Dark 

+N+P+Palmi tic  acid 

8l«.400 

0 

113 

Dark 

+N+P+D i pheny 1 mo thane 

75,200 

93 

Dark 

+N+P+1*-Hethy  1 catechol 

68,lt00 

0 

25 

Dark 

+N+P+1!- Pheny Ibutyric  acid 

152,000 

5'*8 

87 

After  approximately  6 weeks  of  incubation,  1.0  ml  of  the  primary  enrichment 
cultures  was  transferred  to  fresh  basal  sea-water  medium  containing  0.025% 
of  the  aromatic  compound  but  no  growth  factors.  Additional  isolates  were 
obtained  and  stored  on  slants. 

A third  enrichment  was  started  using  an  inoculum  consisting  of  1.0  ml  of  the 
second  enrichment  culture,  which  had  been  incubated  for  about  8 weeks.  The 
third  enrichment  solution  contained  the  basal  medium,  0.1  ml  of  a growth  fac- 
tor solution,  and  0.S%  of  the  aromatic  compound.  Turbidity  developed  in  cul- 
tures containing  £-aminobenzoi c acid,  £-anisic  acid,  and  £^-methoxypheny lacet Ic 
acid.  Additional  isolates  were  obtained  from  enrichment  cultures  containing 
these  three  aromatics. 

The  results  of  these  enrichments  and  the  number  of  isolates  which  grew  in 
liquid  media  containing  each  aromatic  chemical  are  given  in  Table  A.  Many 
of  the  isolates  proved  to  be  agar  digesters  or  failed  to  grow  in  the  liquid  media 

Responses  of  i solates  to  concent  rat  ion  of  aromat ic  compounds . S i nee  the  a ro- 
matics  tested  might  have  been  toxic,  the  ability  of  the  isolates  to  grow  at 
various  concentrations  of  the  chemicals  was  determined.  Isolates  were  grown 
in  10  ml  of  basal  broth  containing  0,  5,  10,  and  30  mg  of  the  aromatic  com- 
pound which  was  used  for  their  isolation.  Some  of  the  bacteria  were  unaffected 
by  the  presence  of  the  aromatic,  several  were  inhibited  at  all  concentrations, 
and  a few  were  stimulated  by  one  concentration  but  inhibited  or  unaffected  by 
another.  Three  classes  of  response  to  aromatics  compounds  are  presented  in 
Table  5.  All  of  the  bacteria  grew  to  some  extent  on  the  growth  factors  in  the 
medium,  even  if  the  solution  had  no  aromatic  compound.  The  isolate  growing  in 
the  presence  of  £-toluic  acid  was  not  stimulated  by  low  concentrations  (0.05% 
and  0.10%)  while  0.30%  inhibited  its  growth.  The  growth  of  the  £- ami  nophenyl - 
acetate-utilizer  was  about  the  same  at  0,  0.05  and  0.10%,  but  it  was  markedly 
stimulated  at  0.30%.  The  £-anIsic  acid-utilizing  bacterium  was  stimulated  at 
0.05%  and  0.10%  but  nearly  completely  inhibited  at  0.30%.  None  of  these  micro- 
organisms grew  in  the  absence  of  growth  factors. 

Since  the  ability  to  oxidize  para-substi tuted  aromatics  may  indicate  the  en- 
zymatic capacity  to  remove  the  para-substi tuent,  the  potential  metabolism  of 
DDT  analogs,  known  DDT  metabolic  products,  and  a few  related  chemicals  by  nine 
of  the  marine  bacteria  will  be  studied.  Isolates  particularly  active  in  oxi- 
dizing chlorine-substituted  molecules  will  then  be  tested  for  dechlorinase  ac- 
tivity by  direct  measurement  of  chloride  release.  If  metabolic  products  accu- 
mulate and  can  be  crystallized,  their  identity  will  be  determined. 

Oxidation  of  compounds  related  to  DDT  by  a marine  bacterium.  An  isolate  ob- 
tained  from  enrichments  containing  £-afv  rsTc'  acid  was  tested  for  Its  ability  to 
oxidize  compounds  related  to  DDT.  Standard  manometric  procedures  were  used 
(28).  The  bacterium  was  grown  in  two  500-ml  flasks,  each  containing  250  ml  of 
basal  sea  water  medium  supplemented  with  1%  glucose  and  growth  factors  but  no 
£-anisic  acid.  The  cells  were  removed  from  the  growth  medium  by  centrifugation 
and  washed  twice  with  sterile  sea  water.  The  final  cell  suspension  in  sea  water 
contained  3.2  X 10*^  cells  per  ml,  and  each  Warburg  flask  received  a 0.5  ml  por- 
tion. Two  micromoles  of  each  potential  substrate  listed  in  Table  6 was  added 
In  an  acetone  solution  since  most  were  not  sufficiently  water  soluble.  The  ace- 
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Table  Results  of  enrichment  culture  for  isolation  of  microorganisms  able 
to  use  para-subst i tuted  aromatics  as  sole  sources  of  carbon  and 
energy. 


Class  of 
compounds 

Substituent  in 
para-  pos 1 t i on 

Actual  compound  Total  no. 

used  of  isolates 

Pos i t i ve 

growth 

response 

-NH2 

£-Aml nophenol 

3 

0 

-NO2 

£-NI trophenol 

5 

0 

Phenol s 

-CH3 

£_-C  resol 

N 

N 

-OCH3 

£-Methoxypheno 1 

4 

0 

-NH2 

£-Aminobenzoic  acid 

I 

1* 

-NO  2 

£-NI trobenzoic  acid 

1 

0 

Benzoic  acids 

-CH3 

£-Toluic  acid 

2 

1 

-OCH3 

£-Anlsic  acid 

1 

1* 

-NH2 

£-Toluene 

2 

0 

-NO2 

£-Nitrotoluidine 

3 

0 

Tol uenes 

-CH3 

£-Xylene 

4 

0 

-OCH3 

£-Methylanl solo 

2 

1 

-NH2 

Benzidine 

3 

0 

-NO2 

-OInl  trobi  phenyl 

7 

1 

Biphenyls 

-CH3 

p.p'-BItoIyl 

8 

0 

-OCH3 

A,4'-0lmethoxyblpheny 1 

7 

1 

-NH2 

£-Ami nophenyl  acetic  acid 

6 

2* 

-NO  2 

£-N!trophenyl acetic  acid 

1 

0 

Phenyl  acetic  acids 

-CH3 

£-Tolylacetic  acid 

0 

0 

-OCH3 

£-Nethoxypheny1 acetic  acid 

2 

1 

N ■ Not  tested. 

* • Chosen  for  further  Investigation. 
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Table  5.  Typical  growth  responses  of  bacteria  to  various  concentrations 
of  aromatic  compounds 


OOsso^fte''  300  hr  incubation 

£-ToIuIc  acid  £-Anisic  acid  £-Aml nophenyl  acetic 
Cone.  {.%)  utilizer  utilizer  acid  utilizer 


0 

0. \k 

0.13 

0.  I^» 

0.05 

0.15 

0.22 

0.17 

0.10 

0.17 

0.37 

0.14 

0.30 

0.08 

0.02 

0.37 
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tone  was  evaporated  under  a stream  of  nitrogen  gas,  and  sea  water  was  added 
to  the  residua)  dry  chemical.  The  compounds  tested  were:  (a)  DDT;  (b)  known 

metabolic  products  of  DDT DDD,  DDE,  DDA,  DBP,  DBH,  DDM,  and  PCPA;  and  (c) 

DDT  analogs  and  structurally  related  molecules methoxychlor , bis (4-hydroxy- 

phenyl  )methane,  I , l-dlpheny)-2,2,2-trichloroethane,  4-hydroxydipheny Imethane, 
£-hydroxyben2ophenone , benzophenone , 4-chloroben2ophenone,  benzhydrol,  4-chloro- 
benzhydro),  4-chlorobensoic  acid,  £-aminopheny)acetlc  acid,  £-ami nobenzoic  acid, 
£-methoxybenzoi c acid,  o,  £-methoxyphcny lacet ic  acid,  and  phenylacetic  acid. 

Some  of  the  results  of  this  preliminary  study  are  presented  in  Tables  6 and  7 
Endogenous  O2  uptake  has  been  substracted  from  all  values  presented.  The  re- 
sults indicate  that  this  bacterium  could  oxidize  £-chloropheny lacet Ic  acid  and 
phenylacetic  acid,  and  some  of  the  other  compounds  may  have  been  oxidized  as 
well.  In  future  studies,  the  cells  will  be  grown  In  the  presence  of  the  para- 
substituted  aromatic  to  insure  induction  of  requisite  enzyme  systems  and  O2 
uptake  will  be  measured  over  a longer  period  of  time. 

Relation  of  chemical  structure  to  biodegradability.  The  use  of  biological 
oxygen  demand  as  a measure  of  biodegradabi 1 1 ty  offers  one  major  advantage  to 
manometric  techniques:  long  incubation  periods  are  practical.  Indeed,  prolonged 
incubation  may  be  necessary  to  measure  degradation  of  recalcitrant  molecules. 
Reliable  results  can  be  obtained  providing  the  inoculum  Is  small  and  the  amount 
of  substrate  to  be  tested  is  adjusted  to  such  a level  that  complete  oxidation 
results  in  nearly  total  depletion  of  the  dissolved  O2  in  the  bottle.  Nitrate 
and  nitrite  levels  in  all  bottles  showing  O2  consumption  were  measured  to  show 
that  O2  depletion  was  not  due  to  nitrification.  In  these  studies,  the  inoculum 
consisted  of  1.0  ml  of  a 1:100  dilution  of  soil.  The  BOD  bottles  contained 
about  7.6  mg  dissolved  O2.  At  regular  time  intervals,  the  O2  level  In  selected 
bottles  was  measured  with  an  O2  meter,  and  the  bottle  was  then  discarded.  Each 
point  in  the  figures  represents  the  data  from  a single  BOO  bottle. 

The  results  obtained  with  various  diphenyl me thanes  are  depicted  in  Figure  6. 
Unsubstituted  dipheny Imethane  or  £-hydroxydiphenylmethane  resulted  In  nearly 
complete  depletion  of  O2  from  the  600  bottles.  When  both  rings  contained  para- 
substituted  nltro,  chloro,  or  even  hydroxyl  groups,  however,  little  or  no  degra- 
dation occurred. 

Similar  results  were  obtained  with  various  benzophenone s . As  shown  in  Figure 
7,  benzophenone  and  the  two  mono-substituted  benzophenones  tested  were  biode- 
gradable. On  the  other  hand,  little  O2  was  consumed  if  both  rings  had  substit- 
uents at  the  para  positions;  that  is,  they  were  resistant  to  biodegradation  under 
the  test  conditions. 

When  phenylacetic  acid  was  the  substrate  in  the  BOD  bottles,  essentially  all  of 
the  dissolved  O2  was  consumed  in  2 days.  However,  no  biodegradation  was  evi- 
dent when  several  other  para-substituted  compounds  were  tested  by  the  BOD  tech- 
nique (Figure  8).  In  add  1 1 1 on , unsubstituted  diphenyl benzhydrol  appeared  re- 
sistant to  biodegradation  as  assay  by  the  BOD  system.  On  the  other  hand, 
microorganisms  able  to  grow  on  this  chemical  have  been  obtained.  These  studies 
indicate  that  para-substituents  on  aromatic  rings  increase  resistance  of  the 
chemicals  to  microbial  attack,  with  para-substituted  chlorine  being  one  of  the 
more  effective  means  of  slowing  microbial  attack. 
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Tabie  6. 

Ab i i i ty  of 

isolate  8b  to  oxidize  para-substi tuted 

aromat 1 c 

compounds . 

Minutes 

O2  consumed,  pmoie 

£-Methoxy- 

benzoic 

acid 

£- Ami  nophenyl - 
acetic  acid 

£-Methoxypheny i - 
acetic  acid 

£-Hydroxy-  Phenyl- 

benzophenone  acetic 
acid 

30 

0.2 

0.0 

0. 1 

0.0 

1.7 

60 

0.0 

0.0 

0.2 

0.5 

2.k 

90 

0.6 

0. 1 

0.3 

0.7 

2.6 

i20 

0.8 

0.  i 

0.8 

1.0 

3.3 

1A5 

i . i 

0.3 

0.8 

I. A 

3.^ 

Calc* 

17 

18 

20 

29 

18 

^Quantity  of  O2  for  complete  oxidation  of  2 pmoles  of  substrate. 
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Table  7- 

Ability  of 

isolate  8b 

to  oxidize 

para-substi tuted 

aromatic  compounds 

O2  consumed,  umole 

M i nutes 

DDT 

DDA 

PC  PA 

Hethoxychlor 

£-Aminobenzoic 

acid 

30 

0 

3.3 

O.A 

0.0 

60 

0.2 

mm 

0.7 

0.0 

90 

0.3 

0.5 

5.6 

0.8 

0. 1 

120 

0.7 

0.8 

6.1 

1.3 

0. 1 

1^*5 

0.7 

0.9 

6.6 

1.3 

0.3 

Calc* 

30 

30 

B 

36 

|i4 

^Quantity  of  O2  for  complete  oxidation  of  2 umoles  of  substrate. 
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Factors  affecting  DDT  biodegradation  In  marine  waters . The  environmental 
factors  now  being  tested  for  their  influence  on  DDT  degradation  are:  (a) 

salinity 1.015.  1.022,  and  1.035;  (b)  temperatures  of  4°,  15°,  23°,  and 

32°  C;  (c)  the  addition  of  carbon  sources  to  surface  waters 25  mg  of  algal 

cells  (lyophilized  Cy 1 i ndrospermum) , 1.0  ml  of  raw  sewage,  and  0.02  ml  DPM; 

(d)  the  same  additions  to  a surface  water-mud  model  ecosystem;  (e)  the  same 
additions  to  a surface  water-sand  model  ecosystem;  (f)  aerobic  conditions; 

(g)  anaerobic  conditions;  and  (h)  water-saturated  marine  sediments gravelly 

coarse  sand,  fine  sand  and  fine  sandy  loam.  Six  125  ml  bottles  are  used  for 
every  variable,  and  each  bottle  contains  75  ml  of  sea  water  or  sea  water  plus 
sediment.  The  diphenylmethane  was  added  either  at  the  start  of  the  incubation 
or  at  the  start  and  again  at  2,  5,  8,  and  12  weeks.  Information  on  the 
effects  of  these  additions  on  the  ability  of  microorganisms  to  metabolize 
DDT  may  enable  more  meaningful  prediction  of  the  behavior  of  DDT  in  various 
marine  situations. 

DDT  was  added  to  each  bottle  to  a final  concentration  of  50  ug/ml.  The  incu- 
bation was  at  23  C in  the  dark,  unless  otherwise  stated.  At  0,  2,  5,  8,  12,  and 
27  weeks,  one  of  the  six  bottles  for  each  variable  was  removed  and  placed  in  the 
freezer  for  later  analysis.  The  procedure  for  extraction  and  concentration  of 
these  samples  is  summarized  in  Figure  9.  The  extracted  samples  are  currently 
being  analyzed  by  gas-liquid  chromatography  on  3^  0V-!  and  10%  DC200.  Prelimi- 
nary determinations  made  of  the  12-week  samples  indicate  that  little  or  no  trans- 
formation of  DOT  occurred  in  some  of  the  test  conditions  while  rather  extensive 
alteration  was  apparent  in  others. 

C.  DISCUSSION 


A wealth  of  data  documenting  the  conversion  of  DDT  to  DDD  and  DDE  exists  in 
the  published  literature.  These  products  have  been  found  in  soil,  water, 
plants,  and  animals.  Although  these  compounds  can  be  generated  by  photochemical 
reactions  (21,  26),  most  of  it  seems  to  be  the  result  of  biological  action, 
principally  that  of  microorganisms.  In  addition  to  the  transformat  ion  to  DDD 
and  ODE,  other  and  more  extensive  alterations  of  DDT  have  been  reported.  Such 
DDT  metabolites  as  l-chloro-2, 2-bis {£-chloropheny 1 )ethy lene  (DDMU) , unsym-2,2- 
bis (£-chloropheny 1 ) ethylene  (DDNU) , 1 -chloro-2,2-bl s (£-chloropheny 1 ) ethane 
(DDMS) , 2,2-bls (^-chlorophenv 1 )methane  (DDH) , i*,4'-dichlorobenzophenone  (OBP), 
i»,i|'-dichlorobenzhydrol  (DBH) , 2, 2-b  i s (£-chlorophenyl ) acetic  acid  (DDA),  and 
£-chlorophenylacetic  acid  (PCPA)  are  generated  in  model  freshwater  and  sewage 
ecosystems  under  controlled  laboratory  conditions  (25).  Most  of  these  metabo- 
lites have  not  been  isolated  from  marine  environments,  but  this  may  result  from 
the  minute  amounts  of  the  intermediates  accumulating  in  nature. 

Except  for  a report  that  DDM  can  be  transformed  directly  to  PCPA  by  microorga- 
nisms (li»),  no  evidence  for  ring  cleavage  products  from  DDT  has  been  reported. 
Recently  two  independent  research  groups  Isolated  and  identified  bis(£-chloro- 
phenyl )acetonItrile  from  sewage  amended  with  DDT  (1,  17).  The  fate  of  this 
compound  In  nature  and  Its  toxicity  have  not  been  described. 

DOT  and  DOE  have  been  detected  and  reported  to  accumulate  in  marine  environ- 
ments along  with  DOT  (9).  Whether  these  compounds  were  generated  by  the  ac- 
tivity of  microorganisms  or  by  photochemical  reactions  is  not  known.  However, 
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Figure  9*  Scheme  for  extraction  and  preparation  of  samples  for  analysis 
by  gas-liquid  chromatography. 
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Patile  et^  £].•  (2^)  have  shown  that  marine  microorganisms  have  the  ability  to 
convert  DOT  to  such  products.  Some  of  their  Isolates  were  noted  to  synthesize 
DDOH  and  DONS  as  well  as  ODD  and  DOE.  Products  of  more  extensive  degradation 
have  not  been  reported  in  marine  waters. 

Considering  the  large  literature  on  DDT,  Its  persistence  in  nature,  and  its 
concentration  through  food  chains,  it  Is  surprising  that  the  fate  of  only  one 
of  the  1^4  carbon  atoms  In  the  molecule  is  known.  This  may  partly  result  from 
the  widespread  use  of  hexane  extraction  procedures,  and  consequently  only 
hexane-soluble  molecules  are  characterized.  By  contrast,  Anderson  et  al.  (3) 
isolated  a fungus,  M.  alternans,  which  was  highly  affective  in  converting  DDT 
to  water-soluble  rather  than  hexane-extractable  products.  These  compounds  may 
represent  new  groups  of  DDT  metabolites  which  might  be  generated  by  pathways 
of  degradation  not  heretofore  characterized.  Recently,  Miyazaki  and  Thorsteinson 
(22)  reported  that  Ni tzschia  and  another  diatom  converted  DDT  to  DDE  and  an  un- 
identified  water-soluble  product. 

Preliminary  characterization  of  the  M.  alternans  metabolites  revealed  that  they 
are  not  DDA,  DBP,  DBH,  or  PCPA  (4,  1^.  On  the  basis  of  their  mass  spectra,  these 
products  do  not  contain  chlorine.  If  indeed  devoid  of  chlorine,  the  compounds 
no  doubt  serve  as  a carbon  or  energy  source  for  some  microorganism  and  thus  would 
be  decomposed  in  nature. 

Juengst  and  Alexander  (18)  investigated  the  ability  of  a number  of  marine  micro- 
organisms to  convert  DDT  to  water-soluble  products.  They  reported  that  nearly 
one-half  of  the  marine  isolates  examined  transformed  5 to  10^  of  the  added  DDT 
to  water-soluble  products  In  8 to  I8  days.  Nevertheless,  when  model  marine  com- 
munities were  examined,  no  water-soluble  products  of  DDT  metabolism  were  detected 
in  3 weeks  of  incubation.  Solubilization  was  not  enhanced  when  about  80  different 
carbon  sources  were  added  to  these  model  ecosystems  in  a total  of  100  different 
treatments.  It  Is  not  yet  clear  why  half  of  the  microorganisms  In  the  waters 
are  able  to  metabolize  DDT,  as  Indicated  by  pure  culture  studies,  yet  the  process 
is  not  rapid  in  the  natural  ecosystem.  In  this  regard.  It  is  of  Interest  that 
when  a DDT-treated  field  was  inoculated  with  H.  alternans,  no  DDT  degradation 
was  apparent  (S). 

The  microbial  formation  of  the  benzhydrol  ether  from  benzhydrol  raises  some  in- 
teresting and  ecologically  important  questions,  particularly  since  one  of  the 
products  of  microbial  metabolism  of  DDT  Is  DBH,  the  chlorinated  derivative  of 
benzhydrol.  If  the  halogenated  analog  Is  biologically  converted  to  the  chlori- 
nated benzhydrol  ether,  it  may  be  more  resistant  to  biodegradation  than  DDT  or 
DBH  or  be  toxic  to  a different  group  of  organisms.  Furthermore,  this  finding 
suggests  the  possibility  that  the  disappearance  of  a compound  like  a benzhydrol 
may  not  reflect  degradation  but  rather  a dimerization  or  the  formation  of  some 
conjugate  of  the  parent  compound. 

The  present  report  demonstrates  that  para  substituents  on  one  of  the  two  aro- 
matic rings  increase  the  molecule's  resistance  to  biological  attack.  When  both 
rings  had  such  substituents,  the  molecule  was  even  more  persistent.  Although 
chlorines  are  known  to  be  associated  with  resistance,  similar  results  were  ob- 
tained with  hydroxyl,  nitro,  and  amino  groups. 
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Two  biochemical  mechanisms  of  ring  cleavage  are  widespread.  Ortho-cleaving 
oxygenases  are  common  but  are  extremely  sensitive  to  the  presence  of  sub- 
stituents on  the  aromatic  ring,  particularly  para-substi tuted  chlorines. 
Meta-cleaving  oxygenases  are  less  common  but  are  not  as  seriously  affected 
by  ring  substituents  (13)*  However,  meta-cleavage  typically  yields  intensely 
colored  muconic  acids  (10,13,15),  but  to  date  no  such  muconic  acids  have  been 
demonstrated  to  result  from  DDT  metabolism. 

Removal  of  the  para-substl tuted  chlorine  by  a dechlorinase  enzyme  (l6)  or  by 
a change  in  the  location  of  the  group  to  the  mota  position  by  the  NIH  shift 

(10)  may  promote  DDT  b i odeg rada 1 1 on . It  is  noteworthy  that  enzymes  often  act 
upon  a small  group  of  structurally  related  substrates.  Thus,  Cory  and  Suhadolnik 

(11)  found  that  adenosine  deaminase,  which  catalyzes  the  removal  of  amino  groups 
from  adenosine,  can  also  cleave  a chlorine  located  In  place  of  the  amino  group. 
The  Km  for  this  enzyme  was  8 X 10”^  M and  6 X 10'**  M for  the  amino  and  chloro 
compounds,  respectively,  whereas  the  Vmax  for  the  chlorinated  analog  was  one- 
fourth  that  of  the  amino  substrate. 

Since  other  enzymes  removing  carbon- 1 1 nked  substituents  may  exhibit  a similar 
capacity  to  effect  a dechlorination  reaction,  a number  of  marine  bacteria  able 
to  grow  on  para-substl tuted  aromatic  compounds  were  isolated.  Testing  of  these 
organisms  for  dechlorinase  activity  and  their  ability  to  metabolize  DDT  and  its 
known  metabolic  products  is  being  conducted. 

Attempts  to  isolate  microorganisms  able  to  use  para-substi tuted  aromatics  as 
their  sole  carbon  sources  were  unsuccessful.  It  may  be  that  these  microbes 
need  a series  of  growth  factors  in  order  to  grow  on  aromatics,  but  Crawford 
et  al.  (8)  noted  that  some  of  the  chlorinated  and  non-chlori nated  aromatics 
they  used  inhibited  microbial  growth  at  levels  above  0.0251.  Consequently, 
microorganisms  able  to  use  para-substituted  aromatics  as  sole  carbon  sources 
may  exist,  but  they  may  not  appear  in  enrichments  containing  the  usual  concen- 
trations of  carbon  sources. 

Enzymes  which  could  catalyze  the  dechlorination  of  DDT  might  not  be  active  in 
the  sea.  Thus,  if  the  Km  of  the  putative  dechlorinase  is  high,  the  para-sub- 
sti tuted  aromatic  would  also  need  to  be  present  In  high  concentrations  for  a 
reasonably  rapid  reaction  to  occur,  but  the  chemical  may  be  toxic.  Insoluble 
in  water,  or  both.  On  the  other  hand,  microbial  cells  may  have  mechanisms  to 
concentrate  DDT  to  allow  a reaction  to  take  place,  even  though  the  concentra- 
tion of  DDT  in  solution  is  extremely  low.  Microorganisms  able  to  accomplish 
this  feat  must  be  relatively  rare,  witness  the  persistence  of  the  pesticide. 

Water-solubility  of  DDT  also  probably  contributes  to  Its  resistance  to  micro- 
bial attack,  and  its  high  lipid  solubility  (2)  may  further  enhance  Its  per- 

sistence. Its  solubility  In  water  is  about  2 x ID'S  M (A).  Woodwell  et  al. 

(29)  estimated  the  total  concentration  of  DOT  in  the  biota  of  the  world  in  the 
late  1960's  to  5.^  X 10®  kg.  Much  of  this  DDT  is  associated  with  lipids,  and 
the  accumulation  of  the  pesticide  In  lipids  bound  In  tissues  may  protect  the 
insecticide  from  microbial  attack  since  the  tissues  are  free  of  microorganisms. 
When  the  tissues  undergo  decomposition,  however,  the  DDT  is  exposed  for  micro- 
bial attack.  Still,  if  the  time  needed  for  decomposition  of  DOT  is  long,  it 
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may  be  rein<x)rporated  into  the  lipids  of  other  organisms  before  appreciable 
destruction  occurs.  Indeed,  the  failure  of  natural  microbial  ccninunities  to 
degrcide  DDT,  while  pure  cultures  were  active,  may  have  resulted  in  a concen- 
tration of  the  chanical  by  the  non-degraders,  thereby  shielding  it  fron  at- 
tack. 

To  help  provide  a basis  for  predicting  the  fate  of  DDT  in  marine  environments, 
a nunber  of  environmental  veuriables  were  examined  to  determine  which  might  in- 
fluence micrctoial  modification  of  the  insecticide.  Hopefully,  the  results  will 
be  of  value  in  anticipating  vhat  might  take  place  in  estuaries,  areais  polluted 
with  sewage,  wcunn  vs  oold  seas,  and  in  areas  of  differing  salinity.  These  fac- 
tors assume  iitportance  since  DDT  applied  to  soil  prcAably  accunulates  in  the 
sea  (12,19,29).  Once  in  the  ocean,  the  pesticide  residues  beocnie  associated 
with  organic  naterial  (19)  and  slowly  sink  into  the  abyss,  where  they  may  pjer- 
sist  for  thouscinds  of  years.  If  marine  microorganisms  transform  DDT  to  water- 
soluble,  biodegradable  ccnpounds  on  route  to  the  abyss,  such  an  accunulation 
would  not  occur.  It  is  hoped  that  sanples  from  the  abyss  can  be  obtained  next 
yecir  to  assess  whether  DDT  or  its  metabolites  are  present. 
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III.  Section  3 
A.  MATERIALS  AND  METHODS 

Cul tures.  Inorganic  solutions  contained  diphenyl  me thane,  benzhydrol  and 
analogues  of  £-chloropheny I acet i c acid  In  order  to  isolate  microorganisms  cap- 
able of  utilizing  these  substrates  as  sole  sources  of  carbon  and  energy. 
Pseudomonas  put i da  was  grown  on  0.4%  (v/v)  diphenylmethane-mlneral  salts  broth 
containing  10  ml  I M Na2HP04,  4.0  ml  1 M KH2PO4,  10  ml  I M (NH4)2S04,  1.0  ml 
20%  MgS04.7H20,  1.0  ml  0.05%  FeS04,  1.0  ml  0.05%  Ca(N03)2,  4.0  ml  diphenyl- 
methane  and  water  to  make  1.0  liter  (pH  7.0). 

Marine  model  ecosystems.  To  establish  the  model  ecosystems,  surface  water 
was  obtained  from  Sagamore  Terrace  Beach  in  Westbrook,  Conn.,  and  sediment  was 
collected  from  three  sites  In  Ssybrook  and  Westbrook,  Conn.:  gravelly  coarse 
sand  from  Sagamore  Terraco  Beach,  fine  sand  from  Old  Kelsey  Point  Beach,  and 
fine  sandy  loam  from  the  mouth  of  Back  River.  The  surface  water  and  sediments 
were  transported  back  to  the  laboratory,  and  the  model  ecosystems  were  estab- 
lished within  48  hr  of  sample  collection.  Three  model  ecosystem  types  were 
established,  one  containing  75  ml  of  sea  water,  another  75  ml  of  sea  water 
plus  50  g sediment,  and  the  last  with  75  ml  of  flooded  sediments.  These  were 
placed  in  125  ml  wide-mouth  screw-cap  bottles,  and  six  separate  bottles  were 
used  for  each  variable. 

Preparation  of  samples  of  model  marine  ecosystems.  Each  of  these  model 
ecosystems  received  3*75  mg  of  DDT  In  0.25  ml  acetone.  Unless  otherwise  noted, 
all  bottles  were  incubated  in  the  dark  at  23*^C.  One  of  six  bottles  for  each 
variable  was  removed  at  0,  2,  5,  8,  12  and  27  weeks  of  incubation  for  anaiysis. 
In  some  instances,  organic  carbon  was  added  to  the  bottles  in  the  form  of  25 
mg  of  lyophilized  Cyl indrospermum  cells . 1.0  ml  of  raw  sewage  or  0.02  ml  of 
dipheny Imethane. 
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The  samples  taken  for  analysis  were  filtered,  and  the  filtrate  was  acidi- 
fied to  pH  1.6.  Both  the  filter  paper  containing  sediments  and  filtrates  were 
extracted  with  hexane,  dried  over  anhydrous  Na2S04  and  concentrated  to  25  ml. 

One  milliliter  of  the  concentrated  hexane  extract  was  used  for  methylation 
with  2.0  ml  of  BC 1 3-methanol  (Applied  Science  Laboratories,  State  College,  Pa.). 
The  methylated  and  nonmethy lated  products  were  then  extracted  with  hexane,  and 
the  volume  was  brought  to  25  ml.  The  samples  were  examined  by  gas- liquid  chro- 
matography without  any  further  clean-up. 

Manometry.  Standard  manometric  procedures  were  used  (8).  Each  Warburg 
flask  received  2 prooles  of  substrate  in  2.5  ml  0. 1 M phosphate  buffer  in  the 
main  compartment,  and  the  side  arm  received  0.5  ml  of  cell  suspension.  In  eco- 
system respiration  experiments,  the  main  vessel  received  4.0  g of  air-dried 
Lima  loam  mixed  with  I,  10,  100,  or  1000  ppm  of  DDT  analogues  and  1.0  ml  dis- 
tilled water,  and  the  center  well  received  0.2  ml  of  20%  KOH. 

Chlorophyll  assay.  The  algal  cells  were  centrifuged  from  5.0  ml  of  the 
broth,  and  the  pellet  was  extracted  with  5 ">1  of  1%  diethy lether-methanol . 

The  absorbance  of  the  chlorophyll  extract  was  measured  at  665  nm  using  a Beck- 
man DB-G  grating  spectrophotometer. 

Thin- layer  chromatography.  The  products  of  £-chlorophenyl acetic  acid 
cometabolism  were  separated  on  chromagram  sheet  6060  silica  gel  containing  a 
fluorescent  Indicator.  The  products  were  separated  by  two-dimension  chroma- 
tography using  ethanol :water  (80:20)  and  toluene: ethyl  formate: formic  acid 
(5:4:1)  as  solvents. 

Gas-liquid  chromatography.  A Varlan  Aerograph  1740-20  gas  chromatograph 
equipped  with  ^^Nl-electron  capture  and  H2-flame  ionization  detectors  was  used. 
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Two  different  Pyrex  glass  columns  of  0.3  X l83  cm  length  were  employed.  One 
of  the  columns  was  packed  with  3^  OV-1  on  gas-chrom  Q,  AW,  DMCS,  100/120  mesh, 
and  the  other  contained  10%  DC  200  on  gas-chrom  Q,  AW,  DMCS,  100/120  mesh. 

The  operating  conditions  were  205°C,  I80®C,  and  260°C  for  the  Injector,  column, 
and  detector,  respectively.  The  flow  of  N2  gas  through  the  column  was  adjusted 
to  give  a retention  time  for  DOT  of  about  20  min  for  the  OV-I  column  and  25  min 
for  the  DC  200  column. 

Gas-liquid  chromatography-mass  spectrometry.  A Finnlgan  36OO  series  gas 
chromatograph-mass  spectrometer  coupled  with  a PDP-8  data  system  was  used  to 
obtain  the  mass  spectra  of  various  cometabolic  products.  The  gas  chromatograph 
was  equipped  with  a 3%  OV-I  glass  column. 

Infrared  spectrometry.  Infrared  spectra  were  obtained  on  0.5  to  1.0  mg 
samples  incorporated  into  50  mg  KBr  mini-discs  using  a Beckman  IR  10  Infrared 
s pec  t r opho  tome  ter. 

Sllylatlon  of  samples  for  gas  chromatography.  The  cometabolic  products 
of  0DT-analoguer>  were  sMylated  by  the  addition  of  0.1  ml  Regisil-I  (Regis 
Chemical  Co.,  Chicago,  111.)  to  1.0  mg  of  dried  sample.  The  samples  were  di- 
luted with  hexane  or  diethyl  ether. 

Chemicals . I , 1 , I -Tr ichloro-2,2-bis (£-chloropheny 1 )ethane  (DDT),  1,1-di- 
chloro-2,2-bi s (£-chloropheny I ) ethane  (DDD) , I , l-dichloro-2 ,2-bis  (^-chloropheny I )- 
ethylene  (DDE),  bis  (£-chloropheny  I )acet  I c acid  (DDA),  i«,i«'-dichlorobenzophenone 
(DBP) , 4,A'-dlchlorobenzhydrol  (DBH) , dipheny Imethane  (DPM) , and  £-chlorophenyl- 
acetic  acid  (PCPA)  were  obtained  from  Aldrich  Chemical  Co.,  Plainview,  N.Y. 

Bis  (£-chloropheny l)methane  (DDM)  was  purchased  from  Eastman  Organic  Chemicals, 
Rochester,  N.Y.  1 , I , 1 ' , I ' -Tetrapheny Idimethy lether  was  synthesized  by  the 
method  of  Pratt  and  Draper  (5) . 
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B.  RESULTS 

Isolation  of  cometabollc  products  of  DDT-ana logues.  Pseudonx>nas  put  I da , 
an  organism  capable  of  utilizing  di phenyl  me  thane  or  benzhydrol  as  sole  source 
of  carbon  and  energy,  was  used  to  detect  the  formation  of  products  of  DDT  co- 
metabolism. This  bacterium  was  chosen  because  of  its  ability  to  cometabolize 
known  intermediates  of  DDT  metabolism  such  as  bis (^-chloropheny 1 )methane, 
^.^'-dichlorobenzhydrol , and  l«,l4'-dichlorobenzophenone.  These  compounds  and 
also  diphenylmethane,  benzhydrol,  1 , I , I' , I '-tetraphenyldimethy lether , bis(£- 
chlorophenyl )aceti c acid,  and  DDT  were  provided  as  substrates  In  studies  of 
cometabolism.  The  tetraphenylether , a compound  we  have  found  to  be  produced 
in  diphenylmethane  metabolism,  was  included  In  order  to  establish  the  bio- 
logical breakdown  of  this  complex  ether.  The  bacteria  were  grown  in  large 
quantities,  and  resting  cells  derived  from  the  broth  were  incubated  with  the 
nonchlorinated  and  chlorinated  molecules  for  I*  and  7 days,  respectively.  The 
products  were  isolated  by  extraction  techniques.  The  metabolites  then  were 
silylated,  and  mass  spectra  of  each  component  were  obtained.  The  many  products 
isolated  are  given  In  Table  I.  There  were  many  products  of  unknown  identities 
from  diphenylmethane,  DDK  and  DBH. 

Studies  of  p-chloropheny lacetic  acid  cometabolism.  In  studies  of  the  deg- 
radation of  £^-chlorophenylacetic  acid  (PCPA) , a product  of  bis (£-chlorophenyl )- 
methane  decomposition,  many  bacterial  isolates  were  obtained  on  nonchlorinated 
analogues  of  PCPA.  These  included  phenylacetic  acid,  £-hydroxypheny lacet tc 
acid  and  £-methoxypheny lacetic  acid.  Analogues  containing  amino,  nitro  or 
chlorine  substituents  in  the  para  position  were  found  to  be  toxic,  and  no  bac- 
terial isolates  could  be  obtained  by  the  methods  used.  The  compounds  were 
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TABLE  1 

Products  formed  In  the  cometabolism  of  DDT  analogues 
by  Pseudomonas  put  I da 


Substrate 

Product 

DPM 

Benzhydrol,  phenylacetic  acid 

Benzhydrol 

Hydroxy  benzhydrol s 

Pheny Iglycol Ic  acid 

Hydroxybenzophenone  (7) 

1 , 1 , 1 ' , 1 ‘-Tetraphenyl dimethyl  ether 

Benzhydrol 

Benzophenone 

DDM 

Benzophenone 

DBH 

DBP 

DBH 

Benzophenone 

Benzhydrol 

DBP 

DDA 

DDH 

DBH 

DBP 

DDT 

One  unidentified  product 
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toxic  even  at  a concentration  of  100  yg/ml . Resting  cells  of  one  of  the  bac- 
terial isolates  obtained  on  phenylacetic  acid  consumed  1.56  umoles  of  O2  per 
Mmole  of  PCPA  In  Warburg  respi rometers , Indicating  its  ability  to  cometabollze 
PCPA.  This  bacterium  was  grown  in  a medium  containing  O.II^  phenylacetic  acid, 
and  resting  cells  free  of  residual  phenylacetic  acid  were  obtained  by  washing 
with  0.1  M phosphate  buffer  (pH  7.0).  These  cells  were  incubated  with  PCPA 
for  6 hours,  after  which  the  culture  supernatant  was  extracted  with  diethyl- 
ether.  The  resultant  concentrated  ether  extract  was  placed  on  thin-layer  plates 
and  developed  in  tol uene rethy  1 formate : formic  acid  (5:^:1).  Two  products  of 
PCPA  metabolism  were  detected,  and  the  spots  corresponding  to  these  products 
were  scraped  from  the  TLC  plates  and  dissolved  separately  in  ether.  A portion 
of  these  components  were  sllylated  and  subjected  to  GLC-mass  spectrometry.  One 
of  the  products  was  found  to  be  a monohydroxy lated  chloropheny I acetic  acid. 

Work  is  underway  to  determine  whetner  the  hydroxyl  group  is  located  on  the 
ring  or  the  side  chain  of  the  molecule. 

Effect  of  environmental  conditions  on  DDT  degradation  In  model  marine 
ecosystems.  To  provide  a basis  for  predicting  the  fate  of  DDT  in  the  ocean, 
a number  of  environmental  variables  were  examined  to  determine  which  might 
influence  microbial  modification  of  the  insecticide.  The  variables  studied 
include  salinity,  temperature,  oxygen  tension,  presence  of  sediment,  and 
availability  of  various  organic  nutrients  and  algal  cells.  Analysis  for  the 
products  accumulating  in  the  various  test  ecosystems  revealed  no  metabolites 
in  the  surface  water:  (a)  incubated  at  , 15°,  23°  or  32°:  (b)  having  salin- 
ities equivalent  to  specific  gravities  of  1.015,  1.022  or  1.035;  (c)  maintained 
under  anaerobiosis  or  under  aerobic  conditions;  or  (d)  amended  with  sewage  or 
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with  diphenyl  methane  at  regular  intervals.  It  is  evident  from  the  summary 
presented  in  Table  2 that  products  did  accumulate  in  some  of  the  model  eco- 
systems, however.  In  model  ecosystems  receiving  the  alga  Cy 1 1 ndrospermum  sp. 
or  diphenyl  methane  (a  structural  analogue  of  DOT),  DDD,  DOE  and  DBP  were 
formed  from  DDT. 

DDD  was  found  in  every  instance  where  Cy I i ndrospermum  sp.  was  added  to 
model  ecosystems.  In  the  surface  waters  containing  the  alga  and  in  surface 
water-fine  sandy  loam  model  ecosystems,  about  2 to  11%  of  the  DDT  was  converted 
to  DDD.  By  contrast,  no  conversion  of  DDT  to  ODD  was  evident  in  the  unamended 
surface  water-sediment  model  ecosystems.  Not  only  the  extent  but  also  the  rate 
of  ODD  formation  in  the  presence  of  algae  was  affected  by  the  type  of  sediment. 

Supplementation  with  diphenyl methane  as  one  or  as  a series  of  amendments 
resulted  in  nearly  identical  rates  of  conversion  of  DOT  to  ODD.  Addition  of 
sewage  to  the  surface  water-fine  sandy  loam  ecosystem  also  stimulated  the  pro- 
duction of  DDD.  The  conversion  of  DOT  to  DDE  took  place  In  the  surface  water- 
fine  sandy  loam  ecosystem.  After  12  weeks,  DOE  was  detected  in  the  samples 
amended  with  Cy I i ndrospermum  sp.  cells  or  sewage,  but  only  the  latter  markedly 
stimulated  this  conversion. 

In  the  flooded  sediment,  the  average  rates  of  DDD  formation  during  the 
first  5 weeks  of  incubation  were  H2,  92,  and  52  pg/week  for  the  flooded  fine 
sand,  fine  sandy  loam,  and  the  gravelly  coarse  sand,  respectively.  In  the 
gravelly  coarse  sand,  the  rates  of  disappearance  of  DDT  and  of  appearance  of 
ODD  were  nearly  identical.  In  addition  to  DDD  and  DDE,  a compound  with  the 
chromatographic  characteristics  of  DBP  was  detected  in  waters  receiving  the 
insecticide  (Tabie  3)*  However,  a chromatograph ica I ly  similar  compound  was 
present  in  the  sample  at  0 time  so  that  the  compound  may  merely  be  a cons  tit- 
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TABLE  2 

Products  of  DOT  In  mode)  marine  ecosystems 


Test  ecosystem 

Amendment 

Product  detected 

Surface  water 

Cyl Indrospermum  ceils 

DDD 

Surface  water  and 

None 

None 

fine  sand 

Sewage 

None 

Cyl 1 ndrospermum  ceils 

DDD 

DPi4 

None 

DPH^ 

DDD.  DBP 

Surface  water  and 

None 

DDD 

fine  sandy  loam 

Sewage 

DDD.  DDE.  DBP 

< 

Cyl Indrospermum  ceils 

DDD.  DDE 

DPH^^ 

DDD.  DBP 

DPK^ 

DDD 

Flooded  sediments: 

Gravelly  coarse  sand 

None 

DDD.  DBP 

Fine  sand 

None 

DDD.  DBP 

Fine  sandy  loam 

None 

DDD.  DBP 

^dded  at  the  beginning  of  incubation, 
^dded  at  0»  2,  5i  8,  and  12  weeks. 
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uent  of  the  water  and/or  the  sediment  (Table  3).  On  the  other  hand,  the  level 
of  this  compound  Increased  markedly  In  two  of  the  Incubated  flooded  sediments, 
suggesting  that  the  unknown  may  indeed  be  DBP. 

Ecological  effects  of  DDT  and  its  analogues.  Studies  on  the  ecological 
effects  of  DDT  and  its  products  were  carried  out  by  measuring  respiratory  ac- 
tivities of  samples  of  natural  microbial  communities  and  by  assessing  the  ef- 
fect on  algal  productivity  (expressed  as  the  chnnge  in  chiorophyll  content  of 
the  total  biomass)  using  Chlorel la  vulgaris  as  the  test  organism.  ODD,  DBP, 
PCPA,  and  DDT  had  no  effect  on  cominun i ty  respiration  at  concentrations  up  to 
lOD  ppm.  DDE,  DDM,  DBH,  and  DDA  inhibited  oxygen  uptake  considerably  at  con- 
centrations of  IDD  ppm  and  above.  There  was  a stimulatory  effect  on  community 
respiration  rate  with  DDM  and  DBH  at  concentrations  up  to  ID  ppm. 

Neither  the  intermediates  of  DDT  degradation  nor  DDT  itself  had  an  ad- 
verse effect  on  algal  productivity.  Conversely,  bi s (£- chi orophenyi ) methane , 
^,^'-d ichlorobenzophenone,  i*,4'-dlchiorobenzhydrol , bis (£-chloropheny I )acet i c 
acid,  PCPA  and  DDT  enhanced  algal  productivity. 

C.  DISCUSSION 

Wedemeyer  (9,10)  was  the  first  to  report  the  sequential  degradation  of 
DDA  to  DDM,  DBH  and  DBP  using  whole  cells  or  cell-free  extracts  of  Klebsiel ia. 
The  ring  cleavage  of  bi s (£-chloropheny 1 ) methane  to  £-chlorophenylacetlc  acid 
was  the  first  case  of  extensive  degradation  of  DDT,  and  this  was  reported  by 
Focht  and  Alexander  (2).  The  present  data  on  chlorinated  intermediates  confirm 
the  pathway: 

DDA  DDM  DBH  -*■  DBP. 

The  formation  of  benzyhdroi  and  benzophenone  from  chlorinated  products 
generated  from  DDT  indicates  a direct  dechlorination  of  A,l«'-dlchlorobenzhydro1 
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TABLE  3 

Apparent  DBP  formation  in  model  marine  ecosystems 


Weeks 


Model  ecosystem 

0 

2 

5 

“1 

12 

27 

Surface  water  (control) 

0.4 

0.7 

Apparent 

0.4 

DBP  formed 

0.4 

> ug 

0.3 

0.4 

Surface  water  + algae 

43 

11 

34 

26 

0.8 

2 

Surface  water  + fine  sand 

+ sewage 

22 

8 

10 

9 

0.7 

2 

+ a 1 gae 

6 

40 

68 

5 

5 

5 

+ DPM 

38 

22 

20 

0.3 

9 

13 

Surface  water  + fine  sandy 

loam 

31 

7 

5 

5 

7 

24 

+ sewage 

100 

6 

14 

49 

215 

7 

+ algae 

28 

no 

42 

3 

7 

21 

+ DPM 

55 

18 

9 

28 

57 

7 

Flooded  sediments 

Gravelly  coarse  sand 

30 

66 

98 

85 

80 

45 

Fine  sand 

469 

1167 

1845 

2369 

2534 

154 

Fine  sandy  loam 

1139 

1557 

2492 

1347 

1241 

726 
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and  -dichlorobenzophenone.  This  is  the  first  report  of  such  deha iogenat ion 
of  ring  chlorines  derived  from  DDT.  Identification  of  the  many  products  from 
nonchlorinated  analogues  (Table  1)  suggests  the  pathways  shown  in  Figure  1. 

It  appears  that  Pseudomonas  put i da  has  an  array  of  enzymes  cr  a multifunctional 
oxidase  system  capable  of  carrying  out  ring  hydroxy  I at  ions , side-chain  hydroxyl- 
ations,  and  ring  cleavages.  An  analogy  exists  between  the  oxidation  of  diphenyl 
methane  to  benzophenone  with  the  hypothetical  reaction  sequence  involving  phenyl- 
acetic  acid,  phenylglycol ic  acid  and  phenylglyoxy 1 Ic  acid.  Focht  and  Alexander 
(2)  found  phenylacetic  acid  (PA)  and  phenylglyoxy 1 ic  acid  in  the  culture  super- 
natants of  Hydrogenomonas  sp.  A nonspi  'fie  oxygenase  may  be  involved  in  the 
conversion  of  DDM  to  DBH  to  DBP;  DPM  to  BH  to  BP;  and  PA  to  PGA  to  PGO.  The 

1 

I hydroxylation  of  £^-chlorophenyl acetic  acid  has  not  been  reported  previously, 

and  it  seems  possible  that  microorganisms  are  able  to  cleave  the  ring  and  de- 
toxify the  molecule. 

Patil  et  al.  (k)  reported  that  no  products  were  found  when  DDT  was  added 
to  surface  water  from  the  open  sea,  estuaries,  or  shores  of  the  Hawaiian  Islands. 
The  present  results  with  surface  water  from  Long  Isiand  Sound  exposed  to  a number 
of  different  env i ronmen ta i conditions  confirm  their  findings,  except  that  DDT 
was  slowly  converted  to  DDD  in  surface  water  to  which  aigal  ceiis  were  added. 
Woodwell  et  ai . (li)  proposed  that  DDT  transported  to  the  sea  associates  with 
aigae  and  eventuaiiy  is  carried  to  the  abyss  as  the  dead  algae  settle.  The  pres- 
ent findings  on  DDT  metabolism  in  the  presence  of  dead  Cyl indrospermum  sp.  Indi- 

1 

cate  that  microorganisms  associated  with  the  nonliving  algae  may  convert  a sub- 
stantial quantity  of  DOT  to  DDD,  the  latter  then  accumulating.  Consequently,  DDD 
might  be  expected  to  build  up  In  the  abyss  along  with  DDT.  The  production  of  DBP 
in  flooded  sediments  and  In  other  model  ecosystems  suggests  that  some  of  the  DDD 
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Tetrapheny I 


Diphenyl methane 


Phenylacetlc 
acid  (PA) 


Benzophenone 


Phenylglycol Ic 
acid  (PGA) 


Pheny Iqlyoxyl ic 
acid  (PGO) 


Pathway  for  the  metabolism  and  degradation  of  DDT  analogues. 
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I 

can  be  further  metabolized,  presumably  via  the  previously  described  pathway  to 
yield  DBP  (3).  The  data  show  that  the  type  of  sediment  and  organic  material 
govern  the  rate  of  DDO  generation.  Thus,  phytoplankton  or  carbonaceous  materials 
undergoing  decay  and  possibly  anaeroblosis  may  promote  the  transformation  in  the 
sea. 

Supplementation  with  diphenylmethane  as  one  or  as  a series  of  amendments 
resulted  in  conversion  of  DDT  to  DDD.  Since  diphenylmethane  resembles  DDT 
structurally.  It  may  induce  enzymes  for  DDT  metabolism,  induce  transport  mech- 
anisms for  Its  entry  into  cells  or,  because  diphenylmethane  can  serve  as  a 
source  of  carbon  and  energy  to  some  microorganisms,  it  may  stimulate  microor- 
I ganisms  particularly  active  in  the  transformation.  In  the  flooded  fine  sandy 

I loam,  more  DDT  was  recovered  at  latter  periods  of  incubation  than  at  earlier 

intervals.  It  is  known  that  DDT  can  bind  to  organic  compounds  (7),  bacterial 
cells,  and  algae  (6),  the  bound  DOT  possibly  becoming  less  extractable  than 
the  free  chemicaWand  the  greater  recovery  may  reflect  destruction  of  the  or- 
ganic material  or  cells  retaining  the  chemical  in  a less  extractable  form. 

Studies  on  effects  of  DOT  and  Its  various  metabolic  products  revealed  no 
significant  Influence  on  microbial  community  respiration  and  algal  productivity. 
Although  it  is  possible  that  the  products  of  degradation  are  more  toxic  than 
the  parent  molecule  to  one  or  more  members  of  an  ecosystem  (I),  the  present 
investigations  suggested  that  none  of  the  products  is  toxic  to  microorganisms 
at  concentrations  even  higher  than  those  usually  found  in  the  marine  environ- 


ment. 
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IV.  Section  4 
A.  MATERIALS  AND  METOODS 

Bacteria.  Pseudcroonas  putida  1,  Enterobacter  2 and  Pseudomonas  3 were 
obtained  from  eairichments  containing  diphenylmetheme  as  sole  source  of  carbon. 
Pseudomonas  strains  4 and  7 and  Alcaligenes  5 were  able  to  utilize  benzhydrol 
as  sole  source  of  Ccurbon.  "nie  mineral  salts  solution  used  in  preparing  the 
enrichments  and  for  testing  the  degradability  of  DDT  metabolites  is  described 
by  Pfaender  and  Alexcinder  (16) . The  bacteria  were  identified  by  ccnparing  their 
morphological,  cultural  and  biochemical  characteristics  with  described  bacteria 
(5). 

Fungi.  Eleven  fungi  were  obtained  from  the  culture  collection  of  the 
Laboratory  of  Soil  Microbiology,  Cornell  University.  Mucor  altemans,  an  or- 
ganisn  capable  of  converting  DDT  to  water-soluble  metabolites  (1) , was  kindly 
provided  by  Dr.  E.  P.  Lichtenstein,  University  of  Wisocnsin,  Madison.  All  the 
fungi  were  maintained  on  potato  dextrose  agar  (Difoo)  sleuits  and  were  tested 
for  their  ability  to  degrade  DDT  or  its  metabolites. 

Pr^aration  of  trimethylsilyl  (IMS)  ether  derivatives.  Ether  solutions 
containing  1 to  2 mg  of  products  were  placed  in  stall  vials  covered  with  scrai;- 
ce^  fitted  with  rubber  septa  reinforced  with  nylcxi  and  backed  with  Teflon  film. 
The  ether  was  evaporated  under  a stream  of  dry  N2.  The  sanples  were  dissolved 
in  a few  drop>s  of  hexanes  or  pyridine  dried  over  13  X molecular  sieves  (Fisher) . 
Regisil-2  (Regis  Chemical  Co.,  Chicago,  111.)  '^:s  added  to  the  samples  at  a 
rate  of  0.1  ml/ing  of  chemiceLl,  and  the  tightly  capped  vials  were  left  overnight 
in  the  daurk  at  20  C or  for  4 h at  60  C.  The  reaction  mixture  was  evaporated 
under  a stream  of  N^,  redissolved  in  ether  or  hexanes  and  injected  onto  the 
colum  of  a gas-liquid  chraiatogr£iph. 
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Gas- liquid  chronatxiqraphy.  A Varian  Aerograph  gas-1  iqiad  chrcraatxigraph, 
model  1740-20  (Varian  AssociaLes,  Palo  Alto,  Cal.),  equipped  with  a flarau 
ionization  detector  and  oontaining  a 183  cjn  x 0.3  on  ooiled  Pyrex  glass 
oolunn  packed  with  3%  CV-1  coated  on  acid  weished  dimethylchlorosi lane- treated, 
100/120  mesh  Gas-ChrotJ  Q (Applied  Science  Laboratories)  was  used.  The  terpera- 
ture  of  the  colimn  was  programmed  from  110  to  180  C at  a rate  of  20  CAiin. 

The  tarperatures  of  the  injector  and  detector  were  225  C and  240  C,  respec- 
tively. The  gas  flow  rates  were  80,  50  and  400  ml/min  for  ccunrier  gas  (N2) , 

H2,  and  air,  respectively. 

Mass  spectrcroetry.  Mass  spectra  of  products  in  solutions  v^sre  obtained 
with  a Finnigan-3300  gas  chrcmatograf^mass  spectrometer  (GC-MS)  equipped  with 
a Systiems-150  data  processor.  The  sanple  spectra  were  scanned  at  a rate  of 
one  scan  per  second.  The  ionization  voltage  in  the  mass  spectrcroeter  was 
70  eV.  The  gas  chromatograph  of  the  coupled  GC-MS  systan  was  equipped  with 
a 0.3  on  X 305  on  long  U-shaped  glass  colixm  filled  with  3%  OV-1  coated  on 
100/20  mesh  Gas-Chrom  Q.  The  injector  tenperature  was  250  C,  and  the  oolum 
was  prograinned  either  from  150  to  200  C at  a rate  of  10  CAii^  or  from  110  to 
180  C at  20  CAiin. 

Chanicals.  Analogues  of  DDT  and  biphenyl  of  higtiest  purity  were  obtained 
from  Aldrich  Chemic^al  Go. , Milwaukee,  Wise. 

Respirometry.  To  chtain  the  resting  cells,  Enterobacter  2 or  Pseudetnonas 
strains  3 or  4 were  grown  in  ore  liter  of  0.5%  glucose-mineral  salts  broth. 
Cultures  of  P.  putida  1 euid  Pseudcncnais  7 were  grown  in  one  liter  of  trypti- 
case  soy  broth  (flBL)  prepeured  at  half  of  its  recxaimeided  ooncjentration. 
Alcaliqenes  5 cells  were  grown  in  one  liter  of  0.1%  BH-mineral  salts  broth. 

Ihe  cultures  were  grown  in  2-liter  Crlermeyer  flasks  incubated  on  a NBS  gyro- 


75 


tory  shciker  (New  Brunswick  Scientific  Co.,  New  Brunswick,  New  Jersey)  operat- 
ing at  180  rpitj  for  48  h at  30  C.  The  cells  were  harvested  by  centrifugation, 
washed  six  times  in  0.1  M phosphate  buffer,  and  resuspended  in  buffer.  The 
weight  of  resting  cells  added  per  respiraneter  flask  were:  17.0  mg  for  P. 
putida  1,  9.0  mg  for  Pseudononas  3,  12.6  mg  for  Pseudonpnas  4,  7.7  mg  for 
Pseudancffas  7,  10.8  mg  for  Eiiterobacter  2,  and  14.0  nq  for  Alcaligenes  5. 

cometabolism  of  DDT  and  its  metabolites  by  bacteria.  The  reaction  medium 

consisted  of  50  ml  of  0.1%  substrate-mineral  salts  broth  contained  in  125  ml 

Erlermeyer  flcisks.  The  flasks  containing  EOT  also  received  500  ng  of  uni- 

14 

forrtily  ring-labelled  C-DDT  (New  ESigland  Nuclear,  Bostcai,  Mass.)  of  specific 
activity  17.86  vCi/ivq.  Control  flasks  containing  50  ml  of  mineral  salts  broth 
inoculated  with  the  bacterial  cells  were  maintained.  Three  125-nil  flasks  each 
containing  50  ml  of  uninoculated  0.1%  substrate-mineral  salts  broth  were  in- 
cluded eis  controls  for  ncwibiological  degradation  of  each  DDT  metabolite.  The 
growth  media  for  obtaining  resting  cells  of  beicterial  isolates  and  the  amount 
of  resting  cells  added  into  the  reaction  solutions  are  presented  in  Table  1. 
Ccmetabolism  of  DDT  was  tested  with  only  four  bacterial  isolates,  P.  putida, 
Pseudcnpnas  stradns  3 and  7,  and  Alcaligenes  6. 

The  bacteria  were  incubated  in  media  containing  the  substrates  for  seven 
days,  amd  the  solutions  were  acidified  to  pH  2.0.  The  reaction  mixtinres  were 
extraK:ted  three  times  in  sepauratory  funnels,  oioe  with  a solvent  mixture  con- 
taining 15  ml  of  hexauies  amd  10  ml  of  diethyl  ether  and  twice  with  20  ml  of 
diethyl  ether.  The  three  extracts  were  pooled,  dried  auv3  concentrated  to 
10  ml.  One  milliliter  of  this  oxKsentrated  extract  was  used  for  silylation 
with  Reqisil-2,  and  the  samples  were  amalyzed  by  gas-liquid  chronatography. 

A 3%  CV-1  oolunn  maintained  initially  at  an  oven  tenperature  of  110  C and 


TABLE  1.  Bacteria  used  in  the  cometabolic 


studies  on  DDT  metabolites. 


Dry  v/eight  of  resting  cells 
Organism  added  per  50  ml  cometabolic 

medium,  mg 


Pseudomonas 

putida  1— 

98 

Pseudomonas 

3- 

115 

Pseudomonas 

4^ 

52 

Alcaligenes 

5^ 

42 

Alcaligenes 

Pseudomonas 

7^ 

56 

— The  resting  cells  were  obtained  by  grov/ing  the 
cultures  in  0.05?»  DPM  + O.lje  glucose-mineral 
salts  broth. 

— The  resting  cells  were  obtained  by  growing  the 
cultuires  in  0.05?S  BH  + 0 . glucose-mineral 
salts  broth. 
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then  prograrmed  to  180  C at  a rate  of  20  C/min  was  used  for  analysis  of  the 
products.  The  samples  indicating  new  peaks  on  gas  chrcmatographic  recorder 
traces  were  analyzed  by  GC-MS. 

The  aqueous  portions  remaining  after  extraction  of  the  tXXT-salts  broth 
were  saved.  One-milliliter  portions  of  these  were  added  to  scintillation 
vials  containing  10  ml  of  scintillation  cocktail.  The  cocktail  was  prepared 
by  mixing  5 g of  PPO  (2,5-diphenyloxazole,  Fisher),  100  g of  naphthalene  and 
dioxane  to  make  one  liter.  The  radioactivity  of  the  sanples  was  counted  on 
a Beckman  LS-lOO  liquid  scintillation  system. 

Oometabolisn  of  DDT  and  its  metabolites  by  fungi.  Twelve  different  fungi 
were  used:  Aspergillus  flavus  strains  141  and  147,  A.  niger,  A.  ccnicus, 
Penicillivin  brefeldianum,  Schizophyllum  sp. , Pycnidiophora  disperse , Cerco- 
spora  oryzae,  Pyricularia  oryzae,  Thanatephorus  cucuneris,  Mucor  altemans 
and  a false  smut  fungus  of  rice.  The  ocmetabolic  substrates,  the  concentra- 
tions used  in  the  nvineral  salts  broth  and  the  amount  of  median  used  per  flask 
were  the  same  as  in  studies  with  the  bacteria.  Each  fungijs  was  grown  for  5 
days  in  500  ml  of  0.5%  gluoose-raineral  salts  broth  of  pH  6.0  amended  with  4.0 
g of  nutrient  broth  powder  (Difoo) . Ttie  fungi  were  washed  free  of  nutrients, 
and  the  mycelial  mats  were  honogenized  by  using  a Servall  Ortni-mixer.  The 
fungal  raycelia  were  taken  up  in  50  ml  of  0. 1 M phosphate  buffer  of  pH  7.2 
and  used  as  an  inoculun  by  adding  8 ml  of  suspended  mycelia  (48  ± 5 mg  on  a 
dry  weight  basis)  for  each  flask  containing  50  ml  of  0.1%  DDT  metabolite- 
mineral  salts  broth.  The  fungi  were  incubated  for  7 days  at  30  C on  a ro- 
tary shaker.  The  contents  of  the  flasks  were  extracted  after  adjusting  the 
pH  to  2.0.  The  extraction  procedure  was  similar  to  the  one  used  in  the  bac- 
terial studies,  except  that  the  mycelial  mats  were  on  Whatman  No.  1 filter 


78 


paper  and  extracted  separately.  The  mycelial  nets  collected  on  the  filter 
paper  were  extracted  ty  shaJting  with  a solvent  mixture  containing  15  ml  of 
hexanes  and-10  ml  of  diethyl  ether  in  a 50-ml  Erlenmeyer  flask  covered  with 
aliminum  foil.  The  flasks  were  shaken  on  a rotary  shaker  for  2 h.  The  sol- 
vait  portion  was  sepaurated  by  filtering  through  Whatman  No.  1 filter  paper 
eind  processed  along  with  the  solvent  portions  obtained  during  the  extraction 
of  reacticwi  supernatants.  The  solvent  portions  were  pooled,  dried  over  anhy- 
drous Na2S0^,  and  concentrated  by  flash  evaporation  to  10  ml.  A one-milliliter 
portion  of  each  extract  was  used  for  silylation.  The  silylated  portion  was 
diluted  to  10  ml  with  ether,  and  1.0  ul  of  this  was  used  for  injection  onto 
a 3%  OV-l  colunn  of  a gas  chromatograph.  The  samples  shewing  evidence  for 
new  products  were  analyzed  by  GC-MS. 

Products  from  p-chlorophenylacetic  acid.  A strain  of  Arthrobacter  able 
to  use  phenylacetate  was  isolated  from  lake  water  using  an  inorganic  salts 
solution  supplemented  with  0.10%  of  the  ccurbon  source.  When  resting  cell 
suspensions  of  the  bacterium  from  a 48-h  culture  were  incubated  for  4 h with 
2.0  pitol  of  g-chlorophenylacetate  in  the  Weurburg  appeuratus,  4.8  umol  of  O2 
were  consimed. 

A 300-ml  portion  of  cell  sxospension  was  incubated  with  200  unol  of  g- 
chlorophenylacetate  on  a rotary  shaker  at  28  C for  4 h,  the  cells  were  re- 
moved by  centrifugation,  the  supernatant  fluid  was  acidified  to  pH  2.0  with 
HCl,  and  the  solution  was  then  extreu:ted  with  other  after  adding  10  to  15% 
NaCl.  Portions  of  the  ether  extract  were  dried  under  a stream  of  N2,  and 
then  0.2  ml  of  bis(trimethylsilyl)trifluDro  acetamide  vas  added.  After  30 
min,  about  0.5  to  1.0  ml  of  ether  was  added,  and  the  sanple  was  injected 
into  a Varian  1700  gas  chromatograph  equipped  with  a flame  ionization  de- 
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tector  and  a 1.8  m X 0.  32  cm  oolum  containing  3%  CW-1  on  Gas  Chran-Q,  100/120 
mesh  (Applied  Science  Laboratories,  State  College,  Pa.).  operating  tem- 

peratures were  250,  150,  and  260  C for  the  injector,  column,  and  detector, 
respectively.  The  carrier  gas  was  at  a flow  rate  of  30-35  inl/min.  Later, 
the  products  were  subjected  to  GC-MS. 

B.  RESULTS 

Evaluation  of  microbial  ability  to  degrade  DPT  intennediates  and  their 
analogues  by  Warburg  re^irometry . During  the  preliminary  oxygen  uptake  ex- 
periments, the  resting  cells  were  cAatained  by  growing  them  in  0.5%  diphenyl- 
metheme  (DPM) -ininercd  salts  broth  or  0.1%  benzhydrol  (BH) -mineral  salts  broth. 
Ihe  organisns  thus  obtained  showed  high  endogenous  respiration,  \diich  might 
have  masked  any  activity  on  chlorinated  molecules.  One  likely  substrate  for 
the  high  endogenous  ojygen  ocxisumption  was  the  oily  DPM  or  insoluble  crystals 
of  BH  v^ch  could  not  be  removed  easily  from  the  cells  during  washings  with 
phosphate  buffer.  The  bacteria  were  therefore  grown  in  either  0.5%  glucose 
sctlts  broth  or  half-stre>gth  trypticase  soy  broth.  Resting  cells  of  Alcali- 
genes  5 obtained  from  0.1%  BH-salts  broth  exhibited  lew  endogenous  respiration 
(4  umoles  of  0^  in  5 h) . 

The  ojygen  ocnsuiption  values  reported  below  are  averages  of  two  repli- 
cated treatments  and  are  corrected  for  endogenous  respiration. 

The  oxidation  of  DOT  metabolites  and  their  cmalogues  by  P.  putida  is 
presented  in  Fig.  1 and  Fig.  2.  The  resting  cells  obtained  on  trypticase 
soy  broth  were  edale  to  tmtabolize  DPM,  BH,  and  benzophenone  (BP)  (Fig.  1) 
vrlthout  an  apparent  lag  period,  indicating  that  the  enzyme  systems  involved 
aupe  constitutive.  The  oxygen  intake  in  the  presence  of  p,p'-dichlorodiphenyl- 
methane  (DOM)  and  p,p'-dichlorobenzhydrol  (DBH)  was  approxinately  one  umole. 
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indicating  the  possibility  either  of  canetabolism  or  a stimulation  of  endo- 
genous respiraticai.  If  ccmetabolism  vras  involved,  it  should  be  possible  to 
isolate  the  suspected  hydroxylated  or  ring  cleavage  products  frcm  the  solu- 
tioris  in  the  Warburg  flasks.  No  ccmetabolism  of  p,p'-dichlorobenzophenone 
(DBP)  was  ctoserved. 

p-Chlorophenylaoetate  (PCPA)  and  p-chlorobenzoate  (PCBA)  have  been  re- 
ported as  prxxiucts  of  DDT  metabolism  (8,9,10,16).  These  oonpounds  and  their 
ncxichlorinated  analogues  were  tested  for  oxidation  by  resting  cells  of  P. 
putida  in  respirometers.  The  c^Jtake  of  oxygen  was  very  high  with  phenyl- 
acetate  (PA)  but  not  with  benzoic  acid  (Fig.  2) . The  biphasic  activity  with 
PA  is  noteworthy.  Ccmetabolism  or  stimiiLation  of  endogenous  respiratory  ac- 
tivity was  observed  with  PCBA.  Oxygen  uptake  was  not  noted  with  PCPA  as  s\±>- 
strate. 

Figure  3 depicts  the  oxygen  i^Jtake  by  Entsrobacter  sp.  on  various  ana- 
logues of  E01.  The  oxidative  enzymes  involved  were  found  to  be  constitutive. 
Glucose  was  ccnpletely  oxidized  ^6  nmoles  of  02/iJnDle  of  glucose)  by  Entero- 
bex:ter  2 in  7 h.  A biphasic  activity  was  observed  during  the  oxidation  of 
DPM.  Ccmetabolism  was  suspected  with  £-hydroxydiphenylmethane , bis  (g-hydroxy- 
p^ienyl)  methane  and  E»M  because  of  an  oxygen  oonsvmpticn  of  approximately  1 to 
2 nmoles  with  these  substrates.  An  apparent  but  slight  stiitulation  of  endogenous 
re^iration  was  observed  with  bis  (g-nitrophenyl) methane. 

The  metabolism  of  ECM  analogues  by  resting  cells  of  Pseudcmonas  3 is  pre- 
sented in  Fig.  4.  Though  the  organism  was  isolated  with  DPM  as  sole  carbon 
KAifoe,  the  resting  cells  cxnsumed  cxily  1.5  nmoles  of  02/Mmole  of  tliis  sub- 
!• ' ♦»«■.  Extensive  oxygen  uptake  was  observed  with  g-hydroxydiphenylnethane 
. i g-nydroxydiphenyl) methane.  The  organism  was  found  to  oometabolize 
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FIG.  2,  Metabolism  of  PCPA  and  PCBA  and  their 

non-chlorinated  analogues  by  P.  putida . 
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FIG.  3.  Metabolism  of  DDM  analogues  and  glucose  by 


resting  cells  of  Enterobacter  2 grown  on 
0-5^  glucose-mineral  salts  broth. 
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CCM  after  a lag  pericxi  of  30  min.  Bis  (g-nitrophenyl) methane  did  not  stimulate 
the  endogenous  respiratory  activity. 

Resting  cells  of  Pseudancms  4,  which  was  isolated  with  BH  as  sole  car- 
bon source,  extensively  oxidized  glucose,  BH  + glucose,  and  BH  (Fig.  5) . The 
oxidation  of  ^-chlorobenzhydrol,  DBH  and  DPM  follow  ocmetabolic  patterns. 

The  flask  contciining  one  micrcnole  each  of  glucose  and  BH  had  shewn  a rate  of 
oxidaticai  (14.8  ymoles  of  02/pinole  of  substrate/h)  very  close  to  the  combined 
uptake  rate  of  BH  (4.1  ymoles  of  02/Mniole  of  substrate/h)  and  glucose  (11.8 
umoles  of  O^ymole  of  substrate/h) . A bicheusic  oxidative  pattern  was  observed 
with  BH. 

Resting  cells  of  Alcaligaies  5,  which  was  obtained  with  BH  as  sole  source 
of  carbon,  oxidized  BH  and  BP  without  any  lag  period  (Fig.  6) . Cometabolism 
was  suspected  with  ECM,  p,p'-dichlorodiphenylacetic  acid  (EOA) , DBH,  DBP  and 
DPM.  In  other  manonietric  studies  (Fig.  7)  usir^  the  sane  organism,  there  was 
an  indication  of  cometabolism  of  PCPA  and  PCBA  in  that  the  resting  cells  of 
Alcedigenes  5 consumed  1.5  ymoles  of  02/wnDle  of  these  substrates.  DDT  and 
methoxychlor  were  not  oxidized,  and  the  observed  ood dative  activity  with  these 
oenpounds  wets  similar  to  the  endogenous  respiratory  rate. 

Hie  oxidaticai  of  veurious  DOT  metabolites  and  their  nonchlorinated  ana- 
logues by  Pseudomonas  7 is  shown  in  Fig.  8.  The  oxidative  activity  of  the 
resting  cells  was  highest  with  BH,  BP  and  DBH.  The  enzymes  involved  were  con- 
stitutive. A lag  period  of  45  min  weis  observed  with  DPM,  indicating  the  need 
for  enzyme  induction.  This  is  the  sole  instance  of  enzyme  indixrtion  in  all 
the  studies  with  different  bacterial  isolates.  Qanetabolism  was  observed  with 


several  of  the  chlorinated  molecules. 
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FIG.  8.  Metabolism  of  DDT  metabolites  and  their 

analogues  by  resting  cells  of  Pseudomonas  7 
grown  on  trypticase  soy  broth. 
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Bacterial  cometabolism  of  DDT  and  its  metabolites.  The  conponent  products 
were  extracted  and  analyzed  by  gas  chronatograpiiy  (GC) , and  their  concentrations 
were  expressed  as  a percentage  of  the  substrate  added.  The  values  reported  were 
averages  of  duplicate  GC  analyses  and  were  oorrected  for  extraction  efficiencies. 
Some  of  the  sartples  were  checked  at  random  by  GC-MS  to  confirm  the  identity  of 
the  various  corpounds  detected.  He  efficiency  of  extraction  of  various  ECT 
metabolites  is  given  in  Table  2. 

During  the  cometabolism  of  EOT  by  4 bacteria,  1.6  to  16.4%  of  the  added 
EOT  was  ccaiverted  to  various  products  (Table  3) . The  products  identified 
during  the  cometabolism  of  EOT  were  EOD,  E»E,  EOM,  DBH,  and  DBF.  None  of  the 
products  reported  was  detected  in  controls  containing  bacterial  cells  or  in 
uninoculated  controls  with  only  EOT.  Tte  amount  of  products  detected  in  the 
aqueous  phiase  indicates  either  that  EOT  had  been  cleaved  to  water-soluble 
metah»lites  whuch  could  not  be  extracted  by  the  extraction  techniques  oiployed 
or  that  TXyr  might  have  teen  retained  in  the  slimy  material  produced  hy  the 
hacteria.  DDD  and  DDE  were  the  major  prodiicts  detected,  and  DBF  was  a less 
ahxmdant  metahx>lite. 

Tte  ocitetahx)lic  products  obtcdned  from  the  netalalites  of  EOT  are  present- 
ed in  Tables  4 to  7.  The  compounds  detected  during  the  cometahxslism  of  DDA  hy 
strains  of  Fseudononas  and  Alcaliqenes  were  DDM,  DBH,  cind  DBF  (Table  4) . Large 
amounts  of  DDA  could  not  he  accounted  for  during  its  degradation  by  hacteria. 
This  wee  probably  a result  of  the  adsorption  of  EOA  or  its  products  by  the  bac- 
terial slime.  It  might  also  he  possible  that  DDA  was  totally  converted  to 
water-soluble  netatelites , vdiich  could  not  he  detected.  With  DDM  as  a suh*- 
strate,  DBH  and  DBF  were  produced,  and  a ocxisiderable  amount  of  products  could 
not  be  extracted  frcm  the  aqueous  phase  (Table  5) . DBF  was  the  only  product 
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TABLE  2.  Efficiency  of  extraction  for  DDT  metabolites. 


Metabolite 


Extraction  efficiency—, 
per  cent— 


DDM 

DBF 

DBH-TMS- 

DDA-TMS 

DDT 


88+2 
91  + 3 

92+1 
87+4 
99  ± 1 


— Efficiency  of  extraction  was  determined 
by  adding  a known  amount  of  the  chemical 
to  mineral  salts  solutions  and  then  re- 
extracting the  compound  according  to  the 
procedures  mentioned  earlier  in  the  section 
on  methods.  The  samples  were  subjected 

to  GC  analysis  and  the  total  amount  of 
compound  recovered  was  calculated  from 
the  standard  curves  prepared  for  each 
chemical. 

— Values  are  averages  of  three  replicate 
samples 

— DBH  and  DDA  were  analyzed  as  the  trimethyl- 
silyl  ether  derivatives. 


TABLE  3.  Cometabolism  of  DDT  by  bacteria. 
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TABLE  4.  Cometabolism  of  DDA  by  bacteria. 


TABLE  5.  Cometabolism  of  DDM  by  bacteria. 
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amount  of  DDM  not  accounted  for  during  the  GC-analysis 
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identified  from  C©H  with  the  six  bacteria  tested  (Table  6).  DPB  was  producx<l 
in  particularly  large  amounts  with  Pseudomonas  4 and  Alcaligenes  5.  No  products 
could  be  isolated  from  reaction  solutions  containing  DBP  as  sole  source  of  car- 
bon (Table  7) . 

Oometabolign  of  DOT  metabolites  by  various  fungi.  Elxcept  for  M.  altemans, 
none  of  the  test  fungi  had  ever  been  exposed  to  DDT  or  any  of  its  metabolites 
or  analogues.  Ihe  extraction  techniques  used  were  the  same  as  above,  so  the 
efficiency  of  extraction  of  the  various  metabolites  is  listed  in  Table  2. 

Ihe  products  formed  in  COT  metabolism  are  given  in  Table  8.  D(30,  ODE, 

DBH  amd  DEP  were  produced  by  only  four  of  the  12  fungi  bested.  No  other  prod- 
ucts were  identified  except  that  some  radioeX:tivity  was  found  in  the  aqueous 
pheise  left  after  the  extractions.  Ihe  radioactivity  in  the  aqueous  phase  in- 
dicated the  fomation  of  water-soluble  metabolites  from  DDT,  but  these  products 
could  not  be  detected  by  the  techniques  of  extraction  employed.  P.  brefeldiantm 
auid  A.  niqer  produced  more  water-soluble  products  than  any  other  fungi. 

Ihe  ocmetabolian  of  metabolites  of  COT  and  the  products  detected  are  pre- 
sented in  Tables  9 to  12.  Five  fungi  produced  one  or  more  of  the  products  DDM, 
ran,  and  DBP  from  CDA  (Table  9) . With  A.  oonicus  as  test  organism,  55. 1%  of 
the  DQA  was  found  to  be  converted  to  products  which  were  either  not  extracted 
by  the  techniques  used  or  bound  strongly  by  the  fungal  nyoeliat  mat.  A majority 
of  the  fungi  tested  produced  DBH  and  DBP  from  DOM  (Table  10) . DEP  was  formed 
in  greater  amounts  than  DBH,  auid  PCPA  was  detected  in  treatments  in  solution 
containing  the  smut  fungus.  The  identification  of  PCPA  during  the  metabolism 
of  COM  was  aooonplished  by  ccnparing  its  retention  on  a 3%  CV-1  oolunn  with 
that  of  the  TMS  derivative  of  authentic  PCPA.  DBP  was  identified  in  solutions 
containing  DBH  (Table  11) . No  products  %«ere  generated  from  DBP  by  11  fungi 
(Table  12). 
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TABLE  6.  Cometabolism  of  DBH  by  bacteria. 


Organism 

Per  cent 

a 

products  detected— 

DBH 

recovered 

DBF 

Other^ 

per  cent 

Pseudomonas  putida  1 

2.7 

1.1 

96.2 

Pseudomonas  3 

1.8 

3.2 

95.0 

Pseudomonas  4 

5.0 

19.2 

75.8 

Alcali^enes  5 

4.8 

0.0 

97.0 

Alcalieenes  6 

0.0 

10.4 

89.6 

Pseudomonas  7 

1.8 

0.4 

97.8 

— Expressed  as  per  cent  of  total  DBH  added.  i 

— Includes  the  amount  of  products  not  identified  by  GC-MS  1 

and  the  amount  of  DBH  not  accounted  for  during  GC-analysis. 


1 
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I 

f 
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TABLE  7.  Cometabolism  of  DBF  by  bacteria. 


Organism 

Fer  cent 

DBF 

recovered 

Fer  cent 
unidentified 
products  a 

Pseudomonas  putida  1 

96.1 

3.9 

Pseudomonas  3 

89.2 

10.8 

Pseudomonas  4 

95.4 

4.6 

Alcalieenes  5 

90.8 

9.2 

Alcalicenes  6 

98.2 

1.8 

Pseudomonas  7 

100.2 

0.0 

— Also  includes  the  amount  of  added  DBF  not 
accounted  for  during  the  GC-analysis. 
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during  the  GC-analysis. 


TABLE  10.  Conetabolism  of  DDM  by  fungi. 
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accounted  for  during  the  GC-analys 
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TABLE  11.  Cometabolisn  of  DBH  by  funci- 


Fungus 

Per  cent  products 
detected  a 

DBH 

recovered 

DBP 

Other^ 

Aspergillus  flavus  l4l 

0.0 

0.0 

101.6 

Aspergillus  flavus  14? 

1.8 

6.5 

91.7 

Aspergillus  niger 

0.6 

14.8 

84.6 

Aspergillus  conicus 

0.0 

7.2 

92.8 

Penicillium  brefeldianum  1.5 

6.8 

91.7 

Pycnidiophora  dispersa 

0.0 

1 .4 

98.6 

Cercospora  oryzae 

0.0 

3.4 

96.6 

Pyricularia  oryzae 

0.0 

3.2 

96.8 

Thanatephorus  cucumeris 

2.4 

3.8 

93.8 

False  smut  of  rice 

0,0 

6.6 

93.4 

Mucor  alternans 

0.0 

1 .0 

99.0 

Schizophyllum  sp. 

4.0 

4.2 

91.8 

— Expressed  as  per  cent 

of  DBH  added. 

— Includes  the  products 

not  identified  by  GC- 

•MS  and  also 

the  amount  of  DBH  not 

accounted 

for  during 

the  GC-analy- 

sis. 
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TABLK  12.  Conetabolir.m  of  DBi'  by  funr.i  . 


Kuiigus 

per  cent  products 

de  tec  ted 

DBF 

recovered 

per  cent 

Product  of 

Rt  171  s2 

Aspcrrillus  flavus  l4l 

0.0 

1.6 

98.4 

Asperr.illus  flavus  14? 

0.0 

4.8 

95.2 

Asperr.illus  nirer 

35.2 

6.3 

58.5 

Aspergillus  conicus 

0.0 

4.0 

96.0 

Fenicillium  brefeldianum 

0.0 

5.4 

94.6 

Pycnidiophora  disnersa 

0.0 

5.2 

94.8 

Cercospora  oryzae 

0.0 

10.8 

89.2 

Pyricularia  oryzae 

0.0 

6.4 

93.6 

Thanatephorus  cucumeris 

0.0 

0.0 

101 .4 

False  smut  of  rice 

0.0 

3.4 

96.6 

Mucor  altemans 

0.0 

9.4 

90.6 

Schizophyllun  sp. 

0.0 

5.6 

94.4 

fi 

— The  amount  of  this  new  product  was  expressed  in  terms 
of  DBF.  The  peak  area  of  the  product  was  measured 
from  the  GC  trace  eind  the  equivalent  amount  of  DBF 
was  calculated  from  the  stauidard  curves  prepared 

for  DBF. 

- Includes  the  products  not  identified  by  GC-MS  and  the 
amount  of  DBF  not  accounted  for  during  the  GC-analysis. 
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A.  niqer  produced  a acr|xx;nd  with  value  of  171  s on  a 3%  CV-1  c»iiri.i 
proqranmod  frcm  110  to  180  C at  a rate  of  20  CAiin.  The  omxint  of  the  product 
detected  was  35.2%  of  the  DBP  added  initially.  The  GC  trace  of  the  sanple  and 
the  mass  spectrvm  of  the  product  are  given  in  Figs.  9 and  10.  The  imss  spec- 
trvm  of  the  product  was  similar  to  an  extent  to  the  spectrvin  of  authentic  DPM, 
except  for  the  unusually  large  1 peak  and  the  peaks  at  la/e  139  and  141. 

g-Chlorophenylglyoxaldehyde  with  a molecular  weight  of  168  might  give  a simi- 
lar mass  fragnentation  pattern.  The  product  detected  was  suspected  to  be  g- 
chlorophenylglyoxaldehyde,  because  the  production  of  DPM  by  reductive  dechlori- 
naticHi  and  further  reduction  seemed  unlikely.  In  addition,  authentic  DPM  had 
a retention  time  of  96  s,  which  is  different  frcm  the  retention  time  of  the 
product  formed  fran  DBP. 

None  of  the  products  detected  during  the  ocmetabolian  of  DDT  metabolites 
by  the  fungi  was  isolated  from  the  controls  containing  uninoculated  mineral 
8^Llts  solutions  amended  with  the  DOT  metabolites. 

Products  formed  during  the  degradation  of  PCPA.  TVio  products  were  fouid 
in  the  gas  chromatograms,  these  having  retention  times  of  554  (oonfxxind  A)  auid 
653  sec  (oaqpound  B). 

The  IMS  derivatives  of  the  sanple  in  ether  were  analyzed  with  a Firmigan 
3300  gas  chromatograph-nass  spectrometer  supplied  with  a Systems  Industries 
data  processor.  The  operating  temperatures  and  the  ooliztn  were  the  same  as 
before,  but  the  flow  rate  of  N2  was  18  ml/roin.  Ccmbined  GC-MS  of  the  product 
with  a retention  time  of  653  sec  (product  B)  reveeded  a anall  parent  ion  at 
n/e  330  with  major  fragmentation  peeks  at  Ve  198,  183,  163,  147,  93,  and  73 
emd  minor  ones  at  m/e  133  and  117.  The  mass  spectnjn  of  the  peak  with  a re- 
tention time  of  554  sec  (product  A)  also  showed  a small  peak  at  m/e  330  emd 


FIG.  9.  Gas  chromatographic  trace  showing  the  product  formed  duri.mi 
cometabolism  of  DBF  by  Aspergillus  niger. 
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had  major  fragment  pealc.'^  at  178,  163,  147,  94,  and  73  plus  minor  fragments 
at  ny^e  287,  198,  133,  and  117.  Both  molecules  also  oontained  chlorine  inaaiuch 
as  they  showed  the  3:1  ratio  of  iaotofie  peaks  characteristic  of  chlorinated 
molecules;  the  P + 2 peaks  were  prominent  for  the  frat^nents  at  198,  163,  147, 
117,  and  73. 

These  metabolites  might  be  monohydroxy  products  of  g-chlorophenylacetate 
(either  g-chloromandelic  ^K:id  or  the  ring-hydroxylated  conpound) , the  di-TWS 
derivatives  of  which  would  have  a molecular  weight  of  330.  The  di-T^IS  de- 
rivative of  authentic  g-chloromandelic  acid,  however,  had  a retenticwi  time 
of  401  s and  a mass  spectrun  unlike  those  of  the  unknowns.  Tto  determine  the 
location  of  the  hydroxyl  on  the  ring  of  the  unknowns,  0.5  to  1.0  g of  authentic 
o-  and  m-hydroxyphenylaoetic  acids  in  30  ml  of  4 N HCl  was  treated  with  a small 
quantity  of  KMtO^  and  1.0  to  2.0  g of  AlClj.  After  2 h,  the  mixture  was  ex- 
tracted with  ether,  the  ether  extrex^t  was  washed  three  times  with  water,  axx3 
the  resulting  solution  was  concentrated  in  a flash  evaporator  and  dried  over 
anhydrous  Na2SO^.  Gas  chromatograiphy  of  TMS  derivatives  of  these  chlorinated 
ocnpounds  revealed  that  the  sole  product  prepared  fran  m-hydroxyphenylaoetic 
acid  had  a retention  time  of  653  s,  identical  to  that  of  the  IMS  derivati'/e 
of  metabolite  B.  By  oontreist,  gas  chrcmatograiphy  of  the  TMS  derivative  of 
the  chlorinated  products  prepared  from  o-hydroxyphenylaoetic  acid  showed  the 
presence  of  pea)cs  with  retention  times  of  540  amd  605  s.  The  ness  spectra  of 
the  chlorinated  derivative  of  authentic  nv-hydroxyphenylaoetic  acid  and  metabolite 
B were  idofitical.  Although  the  microbial  product  might  have  been  either  4- 
chloro-2-hydroxy-  or  4-chloro-3-hydroxyphenylaoetate,  the  synthetic  oonpound 
prepared  could  be  the  latter  but  not  the  fonner.  Thus,  the  bacterivxn  apparently 
oxidizes  £-chloraphenylacetate  by  introducing  a single  hydroxyl  group  on  C-3 
of  the  ring. 
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Isolating  1,1,1*  ,l'-tetra(p-chlorophenyl) dimethyl  ether  (DCBHE) . Attur^jts 
were  made  to  isolate  1,1,1*  ,l’-tetra(j^hlorophenyl) dimethyl  ether  (DCBHE)  sus- 
pected to  be  formed  during  the  degradation  of  DOM  by  strains  of  Pseudcyrpnas  and 
Alcaligenes.  DCBHE  may  be  synthesized  microbiologically  from  DtW,  as  its  non- 
chlorinated  cinalogue  (1,1,1* ,l'-tetraphenyldimethyl  ether)  was  earlier  isolated 
by  us  during  the  degradatiwi  of  diphenylmethane  by  P.  putida.  DCBHE  vas  not 
detected  in  the  products  formed  during  the  oometabolism  of  DDM  by  strains  of 
Pseudanonas  and  Alcaligenes.  DCBHE  was  chemically  synthesized  frcm  DBH,  and 
the  detection  of  DCBHE  in  ether  extracts  was  aooonplished  by  gas-liquid  chrana- 
tography.  DCBHE  has  a retention  time  of  2050  s c»i  a 3%  CV-1  oolvmn  maintained 
at  a tenperature  of  250®C  amd  a carrier  gas  (N2)  flow  rate  of  80  itilAun* 

Isolation  of  organisms  capable  of  metatplizing  biphenyls.  Polychlorinated 
biph^yls  are  frequently  encountered  in  natural  vraters  and,  follo/ing  bicroag- 
nificaticxi,  have  detrimental  effects  on  higher  mavbers  of  natural  food  diains. 
Attenpts  were  nade  to  isolate  microorganisns  capable  of  growing  on  or  metabo- 
lizing biphenyl  and  analogues  such  as  biphenyl,  4-chlorobiphenyl , and  4,4*- 
dichlorobiphenyl.  Many  bacteria  enable  of  utilizing  biphenyl  as  sole  source 
of  carbon  were  isolated,  but  no  organisms  were  obtained  with  4-chLorobiphenyl 
or  4,4*-dichlorobiphenyl  as  sole  source  of  carbcxi.  Resting  cells  of  one  of 
the  b^K^berial  isolates  were  found  to  oometabolize  4-chlorobiphenyl  and  4,4*- 
dichlorabiphenyl.  The  color  of  the  reaction  medivxn  turned  yellow,  suggesting 
ring  cleavage  and  formation  of  semialdehydes,  which  are  characteristic  of  mete- 
cleavage  enzymes. 

C.  DISCUSSION 

Bacterial  isolates  obtained  cm  DPM  (P.  putida  2,  Enterobacter  2,  and 
Pseudomonas  3)  were  able  to  oxidize  only  nonchlorinated  analogues  of  DDT 
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metabolites,  such  as  DPM,  BH  and  BP.  Itie  bacteria  (Pseudononas  strains  4 and 
7,  Alcaliqenes  5)  isolated  on  BH  as  sole  source  of  c^udx)n  metabolized  BH  axKi 
BP  but  failed  to  metabolize  DPM.  Resting  cells  of  Vcurious  bacterial  isolates 
were  able  to  ocinetabolize  DDM,  DBH  and  DDA.  However,  these  organisms  failed 
to  ocroetabolize  DBP,  a metabolic  product  formed  during  the  degradation  of  DCTT. 
Pocht  cuxi  Alexander  (9)  also  reported  that  Pseudomonas  sp.  failed  to  grow  on 
or  oometabolize  DBP. 

Washed  cells  of  Pseudomcxas  3,  obtained  on  DPM  as  sole  source  of  ceurbon, 
oxidized  g-hydroxydiphenylmethane  emd  oonsvxned  10.5  umoles  of  O^uimle  of  sub- 
strate. The  eibility  of  Pseudomonas  3 to  oxidize  ^hydroxydiphenylmethane  in 
preference  to  DPM  suggested  the  possibility  of  £-hydroxydiphenyljnethane  being 
eui  intermediate  of  DPM  metabolism. 

The  present  data  show  that  Warburg  respiroroetry  is  am  excellent  tech- 
nique for  screening  bacrteria  for  their  ability  to  oometabolize  DOT  metabo- 
lites and  their  analc^gues.  However,  the  method  has  a drawbacdc  in  that  crte 
c:annot  distingmsh  the  oxygen  cxxisvnption  resulting  from  cometabolism  or  from 
a stimilation  of  endogenous  respiration  by  the  chemical. 

Fell  et  al.  (7)  detected  hydroxylated  emd  methoxylated  metabolites  of 
DDT  in  excreta  of  chickens  fed  with  DDT.  Fomaticn  of  such  hydroxylated 
produc;ts  might  be  the  first  step  to  reqpid  degradation  of  DDT.  During  the 
present  investigations  with  6 bacrteria  and  12  fungi,  no  such  l^droxylated 
or  methoxylated  products  of  DDT  or  its  metabolites  were  detected. 

Strains  of  Pseudomonas  and  Alcaligenes  were  found  to  cx>nvert  DDT  to  DDD, 
DDE,  DDM,  DBH,  and  DBP;  DDA  to  DDM,  DBH,  and  DfiP;  DDM  to  DBH  and  DEP;  and  DBH 
to  [BP.  Identification  of  these  products  during  the  (xmetabolism  of  DDT  and 
its  metabolites  is  in  line  with  the  pathway  proposed  by  Wedemeyer  (18)  for 
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the  degradation  of  DOT  by  Klebsiella  pnevroniae . DBP  was  not  further  metabo- 
lized by  resting  cells  of  Pseudcmonas  and  Alcaligenes , thereby  indicating  the 
resistarjce  of  DBP  to  further  biodegreidation.  The  view  that  EBP  is  nonbiode- 
greidable  is  supported  by  the  lacdc  of  O2  oonsu^ption  by  resting  cells  of  Peeu- 
dcrcnas  strains  1 and  7 and  Alcaligenes  5 incubated  in  solutions  containing 
DBP. 

Fungi  can  metabolize  DDT  (1)  and  other  insecticides  (14,15).  Fungi  are 
aian  known  for  their  ability  to  hydroxylate  randomly  many  pesticidal  molecules 
(4) . However,  no  hydroxylated  products  were  detected  in  the  metabolisn  of  DDT, 
DDA,  DDM,  DEH  and  DBP  by  12  different  fungi.  Oonversion  of  DDT  to  DOE  and  DDO 
by  four  species  of  fungi  suggested  that  the  metabolisn  of  DOT  may  have  occurred 
via  two  different  routes:  (i)  reductive  dechlorination  to  form  DOD,  which  was 
subsequently  converted  to  DDA,  DDM,  DBH  and  CHOP;  and  (ii)  dehydrodilorination 
to  form  DDE.  The  reductive  dechlorination  of  DDT  to  form  DDO  under  aerobic 
conditions  (created  by  the  incubation  of  fungi  on  sha}cers)  could  not  be  ex- 
plained, but  these  findings  support  the  observaticxvs  of  Wederoeyer  (18,19), 
Barker  and  Morrison  (2,3),  Hicks  and  Comer  (11),  and  others  (6,12,13)  that 
the  reductive  dechlorination  of  DDT  occurs  also  under  aerobic  conditions. 

Pour  of  the  fungi  converted  DDT  bo  DDO,  DDE,  DBH,  and  MP.  The  fungi 
also  transformed  DDA  to  DDM,  C«H,  and  DBP;  DDM  to  DBH  and  DBP;  and  DBH  to  DBP. 
This  is  the  first  report  of  the  identification  of  various  products  formed 
during  the  degradation  of  known  DOT  metalxolites  by  fungi.  The  data  also  in- 
dicate that  the  enzymes  involved  in  the  conversion  of  DOT  occur  in  the  orga- 
nians  even  when  they  were  never  exposed  to  DOT  or  emy  of  its  euialogues.  DDM 
vas  ccmetalxdized  by  a siut  fungus  to  MH,  DBP  and  PCPA.  The  identification 
of  these  products  suggest  two  different  pathways  for  the  degradation  of  DDM 
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by  this  fungus:  (i)  oxidation  of  DDM  to  DBH  and  DBP;  and  (ii)  ring  cleaveige 
leading  to  the  formation  of  PCPA.  PCPA  wets  first  reported  by  Focht  euxi  Alexan- 
der (8,9)  as  a ring  cleavage  product  of  DCM  by  Pseudononas  sp.  Later,  Pfaender 
and  Alexander  (16)  demonstrated  the  formation  of  PC3>A  when  DDT  was  incubated 
first  anaerobically  and  then  aerobically  with  cell-free  preparations  of  a 
pseudomonad.  Considerable  amounts  of  DBP  had  accimulated  during  the  metabo- 
lism of  DDM  by  the  fungi  tested  here,  indicating  the  essence  of  enzymes  re- 
sponsible for  the  further  degradation  of  DBP. 

DBP  vras  metabolized  by  A.  niger  with  the  production  of  a oenpound  tenta- 
tively identified  as  g-chlorophenylglyoxaldehyde.  Formation  of  this  product 
suggests  a mechanism  for  the  ring  cleavage  of  DBP  different  frem  the  CM>e  hy- 
pothesized by  Focht  euid  Alexander  (9)  for  DDT 
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V.  Section  5 
A.  MAIERIAI^  AND  METHODS 

Enric±roent  procedures.  Seventeen  insecticides  were  added  as  either  sole 
sources  of  carbon,  phosjAiorus  or  nitrogen  in  a liquid  salts  raediim.  The  niediun 
is  described  by  Alexander  and  Lustignan  (2) . Hie  inoculun  consisted  of  approx- 
imately 5%  of  either  soil  randomly  mixed  frcm  five  sites  or  sewage  collected  at 
the  primary  effluent. 

When  the  pesticide  was  the  sole  pbosjAwrus  source,  the  glasswcure  weis  wash- 
ed with  a 20%  (vol/vol)  HNO^  cleEuiing  solution,  rinsed  five  times  with  tap  v«ter 
and  sev^  times  with  deionized  water. 

The  insecticides  used  represent  a broad  spectrum  of  organophospborus  and 
carbamate  ccnpounds  (Table  1) . The  ocnpounds  were  added  to  solutions  to  50  ppm 
insecticide-P,  150  ppm  insecticide-N,  and  1000  ppm  insecticide-C . The  oirich- 
ment  cultures  were  incubated  in  16  X 100  ram  screw-cap  tubes  at  29  C.  Upcn  ap- 
peEiranoe  of  visible  turbidity,  a loopful  of  enrichment  median  i»qs  transferred 
to  the  liquid  salts  median  amended  with  2%  Noble  agar  (Difoo)  and  the  corres- 
ponding insecticide  as  C,  N,  or  P source.  Following  isolation,  individual  col- 
onies were  repeatedly  reintroduced  into  similar  but  sterile  media  until  pure 
cultures  were  obtained.  The  bacteria  were  identified  by  ccnparing  morpbolog- 
icad,  cultured,  amd  biochanical  chauracteristics  with  described  bacteria  (8,11, 
42,54,  55,56). 

Growth  measurements.  Turbidimetric  reaKbngs  were  performed  by  removing 
periodically  3 ml  aliquots  from  cultures  incubated  in  125  ml  badfled  Erlenmeyer 
flausks  at  29  C on  a Qyrotory  shaker  (150  rpm)  (New  Brunswick  Scientific  C3o. , 


N.J.) . All  turbidimetric  readings  were  performed  with  a Bausch  and  Lorb  Spec- 
tronic  20  at  420  no.  Alternately,  5 ml  adiquots  were  removed  from  growing  cul- 
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TABI£  1.  Pesticidal  (xnpounds  and  their  ocmiDn  abbreviaticxis . 


Ooninan  name  Chemical  stnx:ture 


Aspon 
Azodr in 

Baygc«  (Prc^xur) 
Ccurbaryl  (Sevin) 
Ceurzol 

Dasanit 

Diazinon 

Diraethoate 

CyloK 

Malathion 

Mesurol 
Methootyl 
Methyl  pcurathion 
Orthene 

(Ethyl)  Parathion 
Trithion 

Vapcna  (DO/P) 


0,0,0,0-Tetrar^propYl  dithicpyrophosphate 
0, 0-Dimethyl-^  (2-methylcarbaitDyl-l-niethyl-vinyl)  - 
phosphate 

2-  (l-MethylethQxy)phenol-methyl-cart>amate 
N-Methyl-l-naphthyl  Ccirbamate 

( 3-Dimethylaniino-  (methylene-iminoEiienyl) ) -N-raethyl 
carbamate  hydrochloride 

0,0-Diethyl  0-[4-(methylsulfinyl)Ehenyl]Eho8Ehoro- 
thioate 

0 , 0-Diethyl-O-  (2-isoprc^yl-4-methyl-6-pyriinidinyl ) - 
phosphorothioate 

0 , 0-Dimethy  1-S-  (N-methylcarbaiiDylmetly  1 ) phosphoro- 
dithioate 

Dimethyl  (2,2, 2-Trichlor!>-l-hyc3rQxyethyl ) phosphcnate 
0,0-Dimethyl-S-  (l,2-dicarbothaxyethyl)Ehosphoro- 
dithioate 

3, 5-Dimethyl-4-  (methylthiolphenol-methy  1-carbamate 
S-Methyl-N-  ( (methylcarbarncyDooQ^)  thioacatiraidate 
0,0-Dimethyl-O-g-nitrophenol  phosphorothioate 
0 , S-Dimethylacaty  Iphosphoramidothioate 
0,0-Dietlvl~O-g-nitrophenyl  phosphorothicate 
S-  ( (-g-Chloropheny Ithio)  methyl ) 0 ,0-diethyl  phos- 
phorodithicate 

2 , 2-Dicdiloroviny  1-0 ,0-Dimethy  Iphoephate 
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tures  and  cell  protein  was  determined  by  the  method  of  Lowry  et  ai.  (39).  Crys- 
talline bovine  serum  aubonin  (Nutritional  Biodiendcal  Corp. ) wais  used  as  the 
starvlard.  Protein  was  monitored  at  660  ran  and  oonpared  to  a standaund  protein 
curve. 

Resting  cells  preparations.  To  prepare  resting  cells,  cultures  were  grown 
in  1-liter  Erleraneyer  flasks  oc»itaining  500  ml  of  median  and  incubated  at  29  C 
and  150  rpn  for  48  h.  Ihe  cells  were  harvested  by  centrifugation  (Sorvall  cen- 
trifuge, model  RC2-B)  for  15  min  at  10,000  X g at  4 C,  washed  thrioe  with  Na- 
beurbitol  buffer  (0.04  M,  pH  7.2),  and  then  resuspended  in  25  ml  of  the  same  buf- 
fer to  an  optical  density  of  1. 5.  To  5 ml  aliquots  of  resting  cell  siBpension 
in  25  ml  Erleraneyer  flasks  were  c>dded  300-450  ug/ml  of  substrate. 

Cell-free  extracts.  To  prepcure  cell-free  extracts,  cultures  from  1.5  li- 
ters of  mediun  were  grown  for  48  h at  29  C and  150  rpm  and  harvested  by  oentri- 
fugation.  The  cells  were  weished  thrioe  with  Na-beurbitol  buffer  (0.04  M,  pH  7.2) 
and  then  resuspended  in  the  saane  buffer.  The  cells  were  sonicated  with  four 
1-min  bursts  at  6 C with  a Branscn  Sonicator  set  at  40  watts.  Whole  cells  and 
large  cell  debris  were  removed  by  centrifugation  at  12,000  X g for  15  rain  at 
4 C.  The  resulting  si^jematant  fluids,  vhich  were  stored  at  0 C,  were  used 
for  enzyme  assays. 

To  purify  fui±her  the  enzyme-oontaining  supernatant  fluid,  (NH^)2SO^  frac- 
tionation was  used  according  to  the  methods  of  Carman  eind  Leyin  (10)  and  Datwson 
et  al.  (15).  Protamine  sulfate  (2%,  Nutritional  BiochemicarLs  Corp.)  was  used 
to  remove  RNA  and  DNA  (10) . Protein  was  determined  hy  the  method  of  Lcwry  et  ad. 
(39).  The  enzyme  aussay  was  started  by  adding  1.0  ml  of  enzyme  prepauration  (300- 
400  lig/ral  protein)  to  5 ml  of  Na-barbitol  buffer  oontadning  500  uM  substrate) . 

Gas- liquid  cdiroroatography.  A Per)cin-Elmer  3920B  gas-chromatograph,  equijp- 
ed  with  a flame  ionization  detector  (FID)  and  a flame  photometric  detector  (FPD) 
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with  phosphoms  and  sulfur  filters  and  recorder  was  used.  TWo  different  oolinns 
and  operating  conditions  were  aqployed.  For  organophosphorus  ocnpounds,  the 
packing  material  was  3%  CV-17  on  100/120  mesh  Geis  Chrom  Q in  a 1.83  m x 2 nm 
(i.d.)  Teflon-lined  stainless  steel  oolviwi  (colums  auid  packing  materials  from 
Applied  Science  Laboratory).  The  operating  terperatures  were;  140,  200,  and 
230  C for  the  oolxim;  190  and  245  C for  the  injector;  and  250  and  275  C for 
the  interface  (detector) . For  carbamate  ocnpounds , the  packing  material  was 
5%  SE-30  CMi  80/100  mesh  Chronosorb  W (HP)  in  a 1.83  m X 2 nm  (i.d.)  glass  ool- 
um.  Ihe  operating  terperatures  were  160  C,  oolum;  240  C,  injector;  and  275 
C,  interface  (detector).  For  FID,  the  gas  flows  were:  30  ml/min,  carrier  gas 
(heliun) ; 50  psig,  air;  and  21  psig,  hydrogen.  For  FPD,  the  gas  flews  were: 

30  ral/^nin,  helium;  60  psig,  air;  and  29  psig,  hydrogen. 

Extraction  of  substrate.  Aliquots  from  the  cmiltures  were  plcxad  in  160 
X 100  nm  test  tubes,  and  an  equal  volute  of  pesticide  grade  ethyl  acetone 
(Fisher)  was  avlded.  Tules  were  vortexed,  the  oontents  allowed  to  settle,  and 
the  organic  layer  decanted.  The  procedure  was  repeated,  and  approximately  2 
g of  an  euialytical  grade  anhydrous  Na2SO^  (Fisher)  was  added.  The  organic 
E^ase  was  stored  in  2 dram  vials  with  Teflon- lined  scaew-caps.  Bcised  upon  a 
standard  cmirve  for  each  substrate,  two  extraertions  removed  greater  than  95% 
of  the  substrate  from  the  ad.icjuot. 

Derivatizaticxi  using  diazemethane.  To  determine  water-soluble  breakdewn 
prodixrts  from  the  organophos|:^tes,  alicjuots  were  removed  fran  the  oultures 
emd  derivatized  with  CH^N^  acx»rding  to  the  methcxl  of  Daughton  et  al.  (13) . 

Ihe  derivatized  products  were  extracted  twice  with  ethyl  acetate  and  anhy- 
drous over  glass  wool  prior  to  geis- liquid  ohromatography.  Standards 

of  dimethyl  euid  diethyl  phosphate  and  dimethyl  and  diethyl  thiesphosphate  cx3m- 
pcxnds  %«ere  simileurly  derivatized  (All  standzuxls  from  American  cyemamide  Oo. ) . 
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Prior  to  derivatization,  the  aliquots  were  treated  with  10%  oold  trichloro- 
aoetic  acid  (Fisher)  to  stop  further  enzyme  activity. 

B.  RESULTS 

Isolation  of  microorganians . Enrichment-culture  techniques  involved  ex- 
posing soil  or  sewage  microorganisms  to  17  organophosphorus  or  carbamate  insec- 
ticides. Bacteria  isolated  because  they  grew  on  10  organc^^hosphorus  ocnfx>unds 
were  purified  and  studied  as  to  their  versatility  in  metabolizing  12  organo- 
phosphates.  Orgeiniams  isolated  from  diazinon  and  malathion  were  the  most  ver- 
satile, being  cible  to  metabolize  10  and  9 ccnpounds,  respectively  (Table  2). 

The  organc^4iosphates azodrin,  dasanit,  meilathicxi,  and  orthene were  the  most 

widely  used  vdiile  trithion  and  vapona  were  the  least  frequently  used. 

The  two  organians  isolated  from  diazinon  and  nalathion  enrichments  were 
subjected  to  biochemiccd,  culturad,  and  morphological  diagnostic  tests  as  de- 
scribed by  Skerman  (54).  Stanier  et  al.  (56) , ^bnual  of  Microbiologiceil  Methods 
(55) , and  Colwell  and  Vliebe  (11) . The  ti«  isolates  corresponded  to  the  descrip- 
tion and  definition  of  Pseudcmonas  given  by  Doudoroff  and  Pallertxii  (8)  in  being 
strictly  aerobic,  gram-negative,  motile  (polar  flagellun)  rods,  that  produced 
catalase, %i>ere  ooddase  positive,  had  a respiratory  metabolism,  and  had  growth 
requirements  that  were  not  ocnplex.  The  presence  of  a fluorescent  pigmentation, 
lack  of  poly-6 -hydroxybutyrate  accunulatior,  and  growth  at  4 but  not  at  41  C 
indicated  that  the  organism  isolated  frcm  diazinon  was  Pseudomonas  putida. 

The  organian  isolated  from  malathion  was  not  identified  to  the  species  level 
and  hence  is  referred  to  as  Pseudcmonas  7. 

Organianas  were  2l1so  selected  from  oarbamate-enrichment  cultures.  The 
bacteria  isolated  frcm  baygon  and  carbauryl  enrichments  were  purified  eu>d  stu- 
died aa  to  their  versatility  in  metabolizing  5 carbamates  (Table  3) . Both 


Metabolism  of  various  organophosphorus  insecticides  by  soil  and  sehoge  isolates 
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TABI£  3.  Metabolism  of  veurious  carbamate  insecticides  by  soil  aivd 
sewa9e  isolates. 


Organian 
isolated  from 

Insecticide  tested 

Baygon 

Ccubaryd 

Caraol 

Mesurol 

Methonyl 

Baygon 

++ 

-H- 

+ 

+ 

- 

Cau:t>aryl 

++ 

++ 

+ 

- 

Cauraol 

- 

- 

+ 

- 

- 

Mesurol 

+ 

- 

- 

+ 

- 

Methoryl 

— 

+ 

- 

- 

+ 

Symbols:  - No  turbidity;  + light  turbidity;  -h-  heavy  turbidity.  Incubated 
for  72  h at  29  C. 
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isolates  metabolized  4 of  the  five  oonpounds.  Diagnostic  tests  performed  on 
these  isolates  indicated  that  they  were  identical  eind  belonged  to  the  genus 
Pseudanonas.  The  isolate  will  be  referred  to  as  Pseudananas  44.  Enrichment 
experiments  indicated  that  none  of  the  isolates  could  use  the  organophosphorus 
or  carbauate  ocnpounds  as:  the  sole  source  of  carbcxis;  as  carbon  and  phosphorus 
sources;  or  as  carbon  and  nitrogen  sources. 

Metabolism  of  insecticides.  To  determine  if  the  three  isolates  were  me- 
tabolizing the  insecticide  ccmpounds  and  not  inorganic  oontaminauit  phosphonis 
or  nitrogen,  growth  ejqieriments  were  conducted.  Both  P.  putida  and  Pseudomonas 
7 (data  not  shown)  showed  a linecu:  relation  between  maximun  optical  density 
(420  ran)  and  P-substrate  concentration  vp  to  0.15  itM  P (Fig.  1).  Maxiitun  cell 
yield  occurred  with  KH^PO^,  while  diazincn  and  nalathion  produced  approximately 
65  and  70%  of  the  cell  yield  ooitpared  to  KH2PO^.  Based  upcxi  the  carbcai  in  the 
meditm,  a P-oonoentration  of  0.15  irM  gave  approximately  a 15:1  (C:P)  ratio.  A 
15:1  ratio  of  C:P  approximates  the  oelluleu:  C:P  ratio  of  bacteria.  Thus,  the 
P in  the  raediiin  was  limiting  vp  to  0. 15  nW. 

Similarly,  the  growth  of  Pseudomcanas  44  was  found  to  be  lineeu:  with  re- 
spect to  M-subetrate  ocaxentraticm  (Fig.  2) . The  maximun  cell  yield  occurred 
at  0.75  iiM  N and  with  (NH^)2SO^.  The  oell  yield  with  baygon  and  carbaryl  as 
N source  was  approximinately  75%  of  the  naximian  cell  yield.  Based  upon  the 
carbon  oonoentration  in  the  medium,  0.75  nM  N represented  a 4:1  (C:N)  ratio, 
which  approximates  that  of  oellular  C:N.  Thus,  N oonoentration  of  0.75  nM 
was  limiting.  Additicnally,  the  data  show  that  the  bacteria  were  not  oligo- 
phosphorophiles  or  olic^x:eu±ophile8.  Similcu:  results  were  obtained  at  dif- 
ferent pH  veQues  (6. 5-8.5)  and  benperatures  (20-45  C). 

Tb  demonstrate  further  that  the  bacteria  were  utilizing  the  ocnpounds  cts 


P or  N sources,  cell  growth  (eis  cell  protein)  was  oorrelated  with  substrate 


Fig.  1.  Growth  of  Pseudomonas  putida  after  48  h at  various  sub- 
strate oonoentrations.  Substrates  were  sole  phosphorus 


source. 
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disappearance.  The  grcwth  of  P.  putida  emd  the  disappearance  of  diazinon  and 
malathion  were  linear  with  respect  to  time  (Fig,  3) . This  linecurity  indicates 
that  at  any  time  during  the  growth  cycle,  the  rate  and  amount  of  P utilized 
(as  determined  by  % P in  the  substrate  (10%)  as  well  as  substrate  disappecired) 
agreed  closely  with  the  theoritical  rate  and  amount  of  P needed  by  the  cells 
for  growth  as  determined  by  cell  protein  and  the  relationship  of  P to  cell  pro- 
tein (2%  of  cell  protein  is  P)  (1) . Similcur  results  were  obtained  with  Pseudo- 
monas 7 (Fig.  4) . 

The  rate  of  grcwth  of  Pseudomonas  44  correlated  also  with  the  rate  of 
substrate  disappeeuranoe  (Fig.  5) . Growth  (cell  protein)  and  substrate  disap- 
pearance were  lineau:  with  respect  to  time  throughout  the  growth  cycle.  The 
amount  of  N utilized  (as  determined  lay  % N in  baygon  and  ceirbaryl  (7%) ) ap- 
1 proached  the  theoretical  amount  of  N needed  by  the  cells  for  growth  as  deter- 

mined by  cell  protein  and  the  relationship  of  N to  cell  protein  (16%  of  cell 
protein  is  N) (1) . Thus,  P.  putida  and  Pseudomonas  7 metabolized  diazinon  and 
malathion  as  sole  P source  aind  Pseudomonas  44  metabolized  baygon  and  carbaryl 
as  sole  N source.  The  organisms  were  not  utilizing  ocxitaminant  inorganic  PO^ 
or  NH^  as  P or  N sources  in  place  of  the  insecticidal  ccnpounds.  Further  sup- 
port for  this  conclusion  was  obtained  when  colorimetric  cinalyses  of  the  organo- 
phosphorus  eind  Ccirbamate  ccnpounds  indicated  the  absence  of  detectable  inor- 
ganic PO^  and  NH^. 

Resting-oell  suspensions.  The  ability  of  P.  putida  and  PseudoreaTas 
stredns  7 euid  44  to  metabolize  their  respective  aboveroentioned  insecticidal 
ccnpounds  radsed  the.  questions  whether  the  metabolism  was  enzyme  mediated, 
and  if  so,  was  the  enzyme  system  induced  or  constitutive.  The  questions 
^ were  answered  with  resting-oell  suspensions. 
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Fig.  3.  Growth  of  Pseuctanonas  putida  and  diseippearance  of  65  ugA'l 
(0.2  nM)  diazincn  and  nalathiai.  Oonpo'i-'vds  were  sole  phos- 
phorus source. 
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When  P putida  was  grown  in  inorganic  PO^,  diazinon  and  malathicn,  only 
diazinon-grown  resting-cell  suspensicxis  metabolized  diazinon  (Table  4).  In 
oontraist,  malathic^  was  metabolized  by  all  resting-oell  suspensions  regardless 
of  the  P source  in  the  growth  mediun.  Chloranpheniool  added  to  the  resting 
cells  prior  to  the  substrate  did  not  alter  the  results.  No  significant  degra- 
dation of  diazincvi  and  malathion  by  boiled  cells  or  in  sterile  buffer  occurred. 
The  data  suggest  an  enzymatic  basis  for  substrate  disappearance.  Further,  the 
metabolism  of  diazincn  appears  to  be  mediated  by  an  induced  enzyme  system,  while 
malathion  metabolism  involves  a constitutive  enzyme  systan.  Similar  results 
were  obtained  using  resting  cell  suspension  of  Pseudcncnas  7 (Table  5) . 

When  Pseudononas  44  weis  grown  in  inorganic  NH^,  baygon,  and  carbaryl  and 
resting  cell  suspensions  prepared,  only  cells  grown  in  baygon  and  Ccurbaryl 
metabolized  these  two  carbamtes  (Table  6).  Chloramphenicol  did  not  cilter 
the  results.  The  lack  of  significant  degradation  of  baygon  and  carbaryl  hy 
NH^-grcwn  cells,  boiled  cells,  and  in  sterile  buffer  suggests  an  induced  en- 
zyme system  is  responsible  for  metabolism  of  the  two  carbanates.  This  system 
is  present  in  the  cells  prior  to  the  addition  of  the  substrates.  The  simi- 
larity in  the  metabolian  of  baygon  and  carbeuyl  by  baygcxi-  amd  caubaryl-grown 
cells  suggests  a similair  induced  enzyme  system  for  both  ocnpounds. 

Cell-free  extraK:ts.  Tb  dstezmine  further  the  enzymatic  activity  as  well 
as  the  substrate  specificity  of  the  induced  and  constitutive  enzyme  systems, 
cell-free  extracts  from  the  three  beurteria  were  prepared. 

The  specific  activity  ai>d  substrate  specificity  for  P^.  pucida  extracts 
pau:U.ally  purified  by  (lil^)2SO^  fractionaticn  aue  shown  in  Table  7.  The  oon- 
stitutive  enzyme  system  from  oell-free  extracts  of  PO^-  and  roalathicn-gixjwn 
cells  shcMed  axrtivity  on  9 of  12  orgavxiphosphorus  ocnpounds.  The  specific 
activities  ranged  frcn  0.23  to  1.80  pM  substrate  disappearedAniiVhig  protein. 
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TABLE  4.  DisappeeuTcinoe  of  diazinon^  and  malathion^  effec±ed  by 

2 

resting-oell  suspensions  of  Pseudanonas  putida. 


P source  in 
growth  raediun 

Chlorarpheidool 

added 

Concn,  pg/ml 

Viable  cells 

Diazinon  Mcilathion 

4 

Boiled  cells 

KH2PO4 

+ 

13(4.3)^ 

277(92) 

- 

11(3.7) 

256(85) 

8(2.7) 

Di^ainon 

+ 

273(91) 

236(79) 

- 

293(98) 

259(86) 

9(3.0) 

Malathion 

+ 

13(4.3) 

271 (90) 

- 

17(5.7) 

282 (94) 

9(3.0) 

^Initial  ocnoentraticn:  300  ug/ml. 

^Optical  density  (420  rm) ; 1.5.  Incubated  for  36  h at  29  C and  150  rpra. 
^Chlorenphenicol  concentration:  100  ug/W.. 


^Cells  boiled  for  15  min  prior  to  sxibstrate  addition.  Nvmbers  refer  to 
the  mean  of  the  values  obtednad  with  dieuinon  and  raalathion,  treated  and  un- 
treated, with  cdiloran|3heniool. 

^Represents  % of  initial  substrate  oonoentration.  Diazinon  cind  raalathion 
in  sterile  Na-barbitol  buffer  (pH  7.2)  had  a mean  disaK»aranoe  of  9 yg/itiL  (3.0%) 


in  36  h. 
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TABLE  5.  Disappeeurancje  of  dlazinon  euid  raalathion*  effected  by  resting- 
cell suspensions  of  Pseudanonas  7. 


P sourtte  in 
growth  mediixn 

Chlorain>heniool 

add^ 

Conai,  pg/W. 

Viable  cells 

Diazinon  Malathion 

Boiled  cells 

KH2PO4 

+ 

11(3.7) 

244(81) 

- 

15(5.0) 

243(81) 

9(3.0) 

Di2u:inQn 

+ 

259(86) 

257(86) 

- 

278(92) 

268(89) 

11(3.7) 

^telathion 

+ 

14  (4.7) 

246(82) 

- 

11(3.7) 

270(90) 

10(3.3) 

*See  footnotes  to  Table  4. 
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TABLE  6.  Disappearance  of  baygon^  and  ceirbaryl^  effected  by  resting- 

2 

cell  suspensions  of  Pseudotpnas  44. 


N source  in 
growth  mediim 

Chloran¥4ieniool 

added^ 

Ooncn, 

pg/ml 

Viable  cells 
Baygon  Carbaryl 

4 

Boiled  cells 

+ 

31(6.9)^ 

28(6.2) 

- 

35(7.7) 

30(6.7) 

28(6.2) 

Baygon 

+ 

379(84) 

353(78) 

- 

410(91) 

396(88) 

31(6.9) 

Carbaryl 

+ 

382(85) 

346(77) 

— 

393(87) 

383(85) 

32(7.1) 

^Initial  oonoentration:  450  pg/ml. 

2 

Opticed  density:  1.5.  Incubated  for  36  h at  29  C at  150  rpm. 
^Chloranphenicol  oonoentration:  100  pg/ml. 


4 

Cells  boiled  prior  to  substrate  eiddition.  Numbers  refer  to  the  mean 
of  the  vadues  obtained  with  baygcai  and  oarbaryl,  treated  and  untreated  with 
chloranpheniool . 

^Represents  % of  initial  substrate  ocaioentraticn.  Baygon  auid  oeirbaryl 
in  sterile  Na-barbitol  buffer  (pH  7.2)  had  a meein  disappeeuranoe  of  28  pg/ml 


(6.2%)  in  36  h 


Specific  activity  aixJ  substrate  specificity  of  cell-free  extracts  of  Pseudotor^ 
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The  induced  enzyme  system  (diazincwi-grown  cells)  demonstrated  activity  on  10 
of  12  ocnpounds  with  specific  cictivities  ranging  frcm  0.39  to  1.97  ijM  sub- 
strate disappeeured/min/tag  protein.  The  specific  activities  represent  a 4-5 
fold  increase  over  that  in  the  crude  cell-free  extract.  Pronase-treated  and 
boiled  cell-free  extracts  had  no  activity,  and  the  substrate  in  sterile  buffer 
was  stable.  Thus,  both  ocwistitutive  and  irtduoed  enzyme  systans  demonstrated 
a broad  substrate  specificity  for  organc^^hosphorus  ocupounds.  Ihe  data  also 
reaffirm  that  diazinon  is  metabolized  by  an  induced  enzyme  system,  while  raala- 
thion  is  metabolized  by  a ocxistitutive  enzyme  systan.  With  the  exertion  of 
dylox,  vdiich  appeared  to  be  metabolized  by  a constitutive  enzyme  system,  the 
specific  activities  and  substrate  specificity  for  cell-free  extracts  of  Pseudo- 
rocncc  7 were  very  similair  to  those  for  P^.  putida  (Table  8) . 

The  specific  activity  and  substrate  specificity  for  Pseudemonas  44  are 
shown  in  Table  9.  No  activity  as  oonpcired  to  the  controls  occurred  when  the 
substrates  were  tested  with  a cell-free  extract  from  NH^-grown  cells.  However, 
specific  activities  for  4 carbamates  Veuried  from  0.29  to  1.98  uM  substrate  dis- 
c^jpearedAttin/mg  protein  with  cell- free  extracts  from  baygon-  and  carbaryl-grown 
cells.  Thus,  with  Pseudomonas  44  cxily  a broad  substrate-specific  induced  enzyme 
system  was  capable  of  metabolizing  the  carbamates  studied.  The  broad  substrate 
specificity  of  the  cell-free  extract  is  ocnpatible  with  the  versatility  demon- 
strated by  whole  cells  on  veirious  insecticidal  oenpounds. 

Determination  of  metabolic  breakdown  products  of  organot^iosphates . Chon- 
iced  and  enzymatic  hydrolysis  of  organophosphorus  oenpounds  genereilly  results 
in  the  formation  of  an  ionic  dicLUyl  (thio) i^VDsphorus  ester  (5,37,41,47).  Tb 
determine  if  such  ionic  diedkyl  esters  were  formed  by  P.  putida  and  Pseudomonas 
7,  the  cell-free  extracts  were  analyzed.  After  derivatizing  a senple  with  <^2^2 
and  extracting  with  ethyl  acetate,  aliquots  of  the  sanple  were  euudyzed  in  the 


134 


TABLE  9.  ^jecific  activity  and  substrate  specificity  of  cell-free  ex- 
tracts^ of  Pseudcnoneis  44. 


2 

Specific  activity  on  various  substrates 


N source  in (um  substrate  discgapecured/iniAAng  protein) 


growth  raediun 

Baygon 

Ctubeuryl 

Cciraol 

Mesurol 

Methanyl 

(NH4)2S04 

0.11 

0.08 

0.13 

0.05 

0.09 

Baygon 

1.98 

1.77 

0.  36 

0.  39 

0.11 

Ccurbeuryl 

1.71 

1.80 

0.45 

0.29 

0.06 

Boiled  extract^ 

0.05 

0.10 

0.09 

0.08 

0.04 

Prcncise- treated 
extraurt^ 

0.06 

0.12 

0.13 

0.07 

0.05 

^eurtiadly  purified  by 

(NH4)2S04; 

protein  oraioentration : 

300  ug/ral. 

Incubated  for  45  h at  29  C. 

2 

Initial  concentration;  100  pg/ml. 

^Boiled  for  5 rain. 

4 

PrcMiase  oonoentration : 15  ug/ral.  Numbers  from  boiled  and  pronase  treat- 

raents  represent  raean  of  values  obtained  with  extracts  of  (NH^)2SO^-,  baygon-, 
cind  ceu±aryl-grown  cells.  Substrates  in  sterile  buffer  had  a raean  disappecurance 
of  6 ug  (6%  of  initial  oonc. ) in  45  h. 
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GLC  using  FPD.  The  retenticm  tines  of  iretsbolites  were  ocrpared  to  retention 
tines  of  dinethyl  phosphate,  dinethyly  thiophosp^te,  diethyl  piiosprfete,  and 
diethyl  thiophosphate. 

Of  the  8 organophosphorus  insecticides  studied,  7 were  converted  to  an- 
ionic dialkyl  (Thble  10) . Dinethyl  phosphate  weis  liberated  ftxan  azodrin  and 
dylox;  dinethyl  thiophosphate  frcm  malathion  and  orthene;  diethyl  phosphate 
frcni  diazinon;  and  diethyl  thiophosphate  fran  deaanit,  diazinon,  and  (ethyl) 
parathion.  Vapona  was  not  converted  to  ionic  esters.  The  liberation  of  ionic 
dieilkyl  (thio) phosphates  indicates  that,  at  least  in  P.  putida  and  Pseudomonas 
7,  the  metabolic  pathway  of  orgeinophosphorus  metabolism  is  similar.  The  data 
suggest  also  that  the  cell-free  extracts  contain  a phosphatcise  (phos{hotri- 
esterase)  responsible  for  the  cleavage  of  the  ionic  dialkyl  phosphate  ester. 

Since  P.  putida  and  Pseudononas  7 liberated  ionic  dicikyl  phosphate  and 
thiophosphate  cotfxjunds,  an  expier intent  was  conducted  to  determine  if  these 
two  organisms  could  metabolize  representative  diadJcyl  phosphate  esters.  The 
basal  salts  median  was  amended  with  0.2  mM  phosphorus  eis  trimethyl  phosphate 
(IMP) , dimetlvl  phosphate  (DMP) , dimethyl  thiophosphate  (EMTP) , trimethyl  thio- 
phosphate (THTP) , triethyl  phosphate  (TED) , diethyl  phosphate  (MP) , diethyl 
thiopho^hate  (DETP) , triethyl  thiophosphate  (TETP) , or  tri-n-butyl  phosphate 
(TBP) . No  growth  occurred  with  DMP,  DEP,  DMTP,  DETP,  TMTP,  or  TETP  (Fig.  6) 
(Pseudomonas  7 data  not  shewn) . However,  with  IMP,  TEIP  and  TBP,  both  organisns 
grew  and  reached  opitical  densities  of  ap^psroKinately  1.3,  1.2,  ctnd  1.0,  respec- 
tively. The  inability  of  P.  p>utida  amd  Pseudomonas  7 to  metabolize  DMP,  DEP, 
DmP,  DETP,  TMTP,  or  TETP  suggests:  (a)  that  ionic  phosphorus  esters  cannot 
be  used  as  P source,  and  (b)  that  ocxnpxxnds  with  sulfur  aure  toxic  to  the  or- 
ganisms. 
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TABLE  10.  Production  of  ionic  dialkyl  (thiojp^iosphorus  esters  from 

various  organophosphorus  insecticides  by  Pseudcamonas  putida 
emd  Pseudononas  7. 


Insecticide 

Ionic  diaUcyl  phosphorus  ester 

Dimethyl 

phosphate 

Dimethyl 

thioi^iDsphate 

Diethyl 

phosphate 

Diethyl 

thiophosphate 

Azodr in 

- 

- 

- 

Deisanit 

- 

- 

- 

+ 

Diazincn 

- 

- 

+ 

+ 

Dylox 

+ 

- 

- 

- 

htolathion 

- 

+ 

- 

- 

Orthaie 

- 

+ 

- 

- 

(Ethyl ) parathiion 

- 

- 

- 

+ 

Vapona 

• 

* 

* 

Synt»ls:  +:  present;  not  detected 
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C.  DISCUSSION 

Bacterial  isolates  were  obtained  that  oould  use  a Vturiety  of  organophos- 
phorus  and  carbarate  conpounds  as  their  sole  sources  of  P and  N,  respectively. 
The  P substrate-metabolizing  organisms  were  identified  as  Pseudemonas  putida 
and  Pseudomonas  7,  while  the  N substrate-metabolizing  organian  was  identified 
as  Pseudemonas  44. 

P.  putida  eind  Pseudemonas  strains  7 and  44  utilized  the  insecticidal  com- 
pounds as  sole  sources  of  P or  N and  were  not  utilizing  either  inorganic  PO^ 
or  NH^  as  P or  N sources.  Studies  of  resting  cell  suspensions  of  these  orga- 
nisms indicated  that  the  breeikdown  of  diazinon,  malathion,  baygon,  and  carbaryl 
Wcis  enzymatic  (rather  than  chanical)  and  resulted  frem  both  induced  and  con- 
stitutive enzymes.  Adaptative  cind  constitutive  enzyme  systems  have  been  pro- 
posed as  mechanians  for  the  develcpnent  of  effective  pesticide-degrading  soil 
populations  (32).  Nunerous  curticles  in  the  literature  report  soil  microorga- 
nians  active  in  degrading  organophosphate  and  carbamate  (5,6,9,14,25,28,32,34, 
37,40,41,47). 

The  p£urtially  purified  cell-free  preparation  from  P.  putida  cuyJ  Pseudomonas 
7 growing  on  KH2PO^,  diazinon,  and  malathion  as  sole  P source  had  a broad  sub- 
strate specificity  and  metabolized  other  organophosphorus  insecticides.  This 
broad  substrate  specificity  is  in  line  with  the  versatility  of  the  organians 
to  metabolize  veurioua  organophoephates.  The  specific  SKrtivities  varied  from 
0.23  to  2.01  liM  substrate  diseqppeareuvx/nin^ig  protein.  In  genered,  the  ac- 
tivity for  both  organoptoqphates  euid  carbamates  correlated  with  the  extent  euid 
rate  of  growth  of  whole  cells  using  the  oorresponding  substrate  eis  a P or  N 
souroe.  When  metabolic  studies  were  conducted  with  the  organophosphorus  con- 
pounds,  various  ionic  diaUQrl  (thio)pho^)hate  esters  were  found,  indicating 
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enzymatic  hydrolysis  at  the  euryl  P-0  baid.  This  view  is  supported  by  various 
reports  in  the  literature  (6,14,20,21).  The  enzyme  specificity  for  other  in- 
secticides was  less  influenced  by  alkyl  substitutions  on  the  phosphorus  atom 
than  by  aronatic  ring  substitution  or  changes. 

The  ability  of  crude  cell-free  extracts  (derived  from  a bacterivm  using 
one  organophosphate)  to  act  on  a nimber  of  substrates  has  been  dercnstrated 
by  Munnecke  (44,45) . He  noted  that  a crude  enzyme  pr^aaration  from  a mixed 
culture  growing  on  parathion  had  a broad  substrate  specificity  for  other  or- 
ganop4iosphates.  Although  he  did  not  conduct  studies  to  identify  the  metabolic 
products,  he  believed  that  enzymatic  l^drolysis  occurred  at  the  aryl  P-0  bend. 
Thus,  the  literature  concerning  organophosplate  metabolite  production  by  cell- 
free  extracts  is  scare. 

The  broad  substrate  specificity  of  cell-free  enzymes  was  evident  with 
ccurbamate  cenpounds  also.  Induced  enzymes  from  baygon-  and  carbaryl-grcwn 
cells  demmstrabsd  specific  cictivities  ranging  from  0.29  to  1.98  uM  substrate 
di^jpeared/min/mg  protein  for  baygon,  Ceurbaryl,  carzol,  and  mesxirol.  Cell- 
free  enzyme  extreicts  from  a nimber  of  edapted  microorganians  have  been  shewn 
to  degrade  Veurious  other  pesticides  of  the  same  cleiss.  Thus,  the  crude  ex- 
tract of  Arthrobacter  sp.  grown  on  2 , 4-dichlorophenaxyacetic  acid  hydrolyzed 
a wide  range  of  related  chlorinated  phenols  (38) . Kearney  (33)  purified  an 
enzyme  (from  Pseudomonas  sp.  grown  on  isopropyl-N-(3-chlorc|henyl)  carbamate) 
vdiich  hydrolyzed  related  phenylcarbamates  and  several  aKylanilide  herbicides. 
Ehgelheudt  et  al.  (18,19)  using  Bau:illus  sphaericus  grown  on  the  phoiylurea 
herhicide,  linuron,  found  that  induced  cells  produced  an  acylamidase  cap>able 
of  hydrolyzing  several  other  phenylureas  emd  exylanilides.  Hius,  many  soil 
microorganians  demonstrate  a versatility  in  metabolized  v2urious  classes  of 
pe8ticld2d.  oGnfXMnds. 
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One  of  the  principle  chemical  reactions  mediated  by  soil  microorganisms 
for  the  breakdCMn  of  organophosphates  and  caurbamates  is  hydrolysis  (5,9,37, 
41,47,52) . Pesticides  vrtiich  cire  attacked  initially  by  a hydrolytic  mechanism 
are  relatively  short-lived  in  soil  (5,9,47,  52).  GeneraLlly,  three  enzyme 
classes  are  involved  in  this  hydrolysis  of  amide  and  ester  linJcages:  carboxy- 
esteraise  aind  pho^f^tase  for  organophosphates  (Table  11) , and  ceirtoxy-esterase 
cind  amidase  for  carbamates  (Table  12) . 

Although  caurboxyesterases  aure  the  principle  enzymes  involved  with  many 
organophosphates  (6,12,20,24,25,28,40,47)  results  of  the  present  study  suggest 
that  the  cell-free  extracts  frcm  P.  putida  auxl  Pseudcmonats  7 contain  specific 
phosphataises,  or  more  correctly  phospholipases  or  phosphotriesterases , since 
phosp^taises  aure  not  active  against  phosp^rus  triesters  and  prefer  p^josphates 
\ rather  than  phosphorothiOTiates  as  substrate  (43).  Hcwever,  Heuer  et  al.  (30) 

shovded  disappearance  of  gvtthion,  peurathion,  pjyrimip^iosmethyl  catalyzed  by  aicid 
phosphatases. 

The  phospholipaises  may  be  intimately  involved  in  the  initial  attack  on  or- 
ganophosphates  amd  thix^^hosphates  ty  microorganians  (14) . TTiese  enzymes  could 
have  aippreciable  significauioe  in  the  hydrolysis  of  orgainophosphates  in  natural 
environments,  e^jeciadly  in  soil,  since  it  hais  recently  been  shown  that  phos- 
pholipase production  cam  be  a major  chauracteristic  of  soil  actincmyoetes  (36) . 
Hie  premise  that  piho^iiolipases  aure  involved  in  the  initiail  hydrolytic  attack 
on  organopihosphorus  insecticides  is  further  supported  by  the  faict  that  p>hosp>hD- 
lipases  can  act  at  the  svper substrate  interface  of  non-water-soluble  substances; 
in  fact,  hydrolysis  rates  for  water-soluble  substances  are  often  mucli  slcMer  (7) . 
Phospiiolipases  may  have  further  involvement  in  organophosp^te  hydrolysis  reaic- 
tions,  since  the  activities  of  some  caurboxyesterases  and  pihosp^yotriesteraises 
greatly  resemble  the  activities  of  certain  p4iospholipases  (14,49). 
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TABLE  11.  Generalized  structure  and  degradation  of  organophosphorus 
insecticides. 


(HD) 2? (S)Z 
Phosphorothioate 


R:  CH,  or  C-H 
3 2 S 

(R0)2P(S)CK  - 
(HD)2P{0)SX  - 

{H0)2P(S)0X  ^ 
HDOOR’ 


; Z:  leaving  groins 
(HD)2P(0)0X 

(HD) 2 P(D)OH  + HSX 
(HD)  (C«)P(S)OX 


(RD)2P(0)Z 

Phosftote 


Activation 

Phosphatase 

Dealltylation 

Carboxyesterase 


ROXW  + R'OH 


4 
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TABLE  12.  Generalized  stxucture  and  degradaticjn  of  carbamate  insecticides 

CH^CWNODOX 

R:  H or  CH^;  X = substituted  phenol  or  a heterocyclic  or  arcraatic  enol 
CH2(R)NCX0(X)  CH^(R)NCXDOH  + XOH  Carboxyesterase 

CH2(R)NC00X  -►  HOCOOX  + ai^(R)m  Amidase 
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Since  it  is  generally  aco^ted  that  phoephorylated  ocnpounds  do  not  peiss 
freely  thrraugh  cell  membranes,  Hockraan  and  Heppel  (51)  oOTicluded  that  the  hy- 
drolysis of  ncn-penetrating  nucleotides  was  by  enzymes  located  external  to 
the  cytoplasmic  menbrcu^.  The  cell  wadi  would  be  a logical  locale  for  phos- 
pholipases, especially  in  graro-negative  bacteria,  since  the  wall  contains  lipo- 
polysaccharide  and  phospholipids  in  which  covalent  bonding  (i.e.,  triesters) 
may  be  predaminant  (16) . 

The  criterion  for  substrate  spjecificity  by  the  crude  enzyme  extracts  in 
this  n^port  was  the  disap^jearanoe  of  the  substrate.  Coincident  with  this  dis- 
appearance was  the  appecuranoe  of  the  ionic  dia]Vyl  (thio) phosphate  particular 
to  the  organophosphate  studied.  The  presence  of  these  ionic  dialkyl  phosphates 
suggests  a similcu:  pathway  of  degradation  in  P.  putida  and  Pseudancxias  7 via 
hydrolytic  attack  on  the  pjarent  ocnpound.  Since  pesticides  that  undergo 
initial  hydrolytic  attack  cure  relatively  short-lived  in  soil  (5,9,37,47,52)  one 
can  say  that  organophospihates  (and  carbamates)  have  a lew  persistence  in  the 
aiviroment.  Although  this  observation  is  generally  correct,  one  cannot  be 
lulled  into  a sense  of  ocnplacency,  for,  with  the  hydrolysis  of  organophosphates^ 
conies  the  exx^imilation  of  the  respective  ionic  dialkyl  (thio) phosphate. 

Althou^  CMP,  ECP,  EMIP,  and  DETP  were  found  as  metabolites  of  the  veuri- 
ous  organophosphates  studied,  neither  P.  piutida  nor  Pseudenonad  sp.  7 could 
utilize  CMP,  CEP,  DMn>,  DErrf^,  TMCP,  or  TETP  as  sole  phospihorus  source.  In 
contrast,  Wblfenden  and  ^lenoe  (59)  r^xarted  the  isolation  of  an  Eaiterobacter 
aerogenes  that  could  utilize  CMP,  but  oily  as  a sole  phosphorus  source.  Hiis 
is  the  only  report  of  utilization  of  an  ionic  diedkyl  phosphate  by  a defined 
microbial  culture.  Although  the  purity  of  the  culture  wos  suspect  or  mixed, 
others  have  reported  instances  of  dl^dL}tyl  pho^hate  utilization,  tut  only  as 
a sole  phosphorus  source  (3,9,27,28,59,  Tiedje,  J.  M.  1966.  M.  S.  Thesis, 


Oomell  University) . However,  similar  to  the  present  study,  none  of  these 


« 


144 

investigators  cxnild  derx3nstrate  the  utilizaticwi  of  an  ionic  or  nonionic  alkyl 
thiophosphate  as  sole  phosphorus  source.  Many  thiophosphate  ocnpounds  are 
known  inhibitors  of  phosphatases  (14,57). 

The  results  indicate  that  ionic  and  nonionic  alkyl  thicphosphates  (and  in 
some  instances  ionic  dialkyl  phosphates)  cure  exceedingly  stable,  not  only  to 
chemical  hydrolysis,  but  also  to  attack  by  highly  accliirated  organophosphate- 
utilizing  bacteria.  The  inability  of  P.  putida  and  PseudomcHTas  sp.  7 to  metab- 
olize ionic  dialkyl  phosphates  and  ionic  and  nonionic  al)cyl  thiophosphates  was 
probably  due  to  the  lack,  inaccessibility,  or  inhibition  of  a suitable  phospho- 
diesterase or  phosphotriesterase  and  the  toxicity  of  the  substrate.  Thus,  the 
breakdown  and  disappearance  of  the  organophosphate  parent  compound  oould  gene- 
rate enormous  amounts  of  potentially  highly  recalcitrant  ionic  dialkyl  phos- 
phates cuid  thiophosphates  in  the  envirrxment.  In  addition,  these  ocnpounds 
cure  used  in  very  large  quantities  in  several  ijidustries  (14). 

Although  pho^hodiester  s occur  naturally  (e.g. , nucleotide  macrcmolecules 
and  phospholipids  (47)  and  are  assimilated  by  microorganisms,  little  less  is 
known  about  the  man-made  alkyl  pho^hates  vhich  cure  potential  (and  real)  prod- 
ucts of  their  p>curent  orgenophosphorus  insecticides.  Ionic  dialkyl  phosphates 
emd  e^recially  thiophosphates  are  exceedingly  unreactive  and  highly  uniisual 
molecules  to  living  organians  (17,23,35,46).  They  cure  not  without  toxicity  to 
euc^uryDtes.  Some  ionic  dialkyl  pho^hates  are  quite  toxic  to  fish,  either  sing- 
ly or  synergistically  with  the  p>arent  ocnfxxmd  (4)  and  to  rats  as  an  anticholin- 
estereise  agent  (53) . Plants  have  been  shown  to  cissimilate  cind  oonvert  ionic 
dialkyl  phosphates  to  cholinesterase  inhibitors  (22,48).  The  photolysis  of 
certain  organophosphates  and  ionic  diall^l  phosphates  can  yield  tri2dkyl  phos- 
phates that  hanre  been  shown  to  be  px>tent  potentiators  of  the  toxicity  toward 
weunn-blooded  animals  organophosphates  which  contain  carboxylic  ester  groups 
(26,29,50,57). 
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In  view  of  these  results  and  the  fact  that  many  organcphosphates  undergo 
hydrolysis  to  yield  the  phosphodiesters,  oonoem  about  the  environmental  fates 
of  these  ionic  alkyl  (tosj^tes  and  thic^hosphates  seems  justified.  However, 
surprisingly  little  is  known  about  their  potential  fate  in  nature.  In  addi- 
tion, these  results  further  support  the  idea  that  pesticide  "nor^jersistenoe" 
is  too  often  equated  sinply  with  "disc^jpearanoe"  of  the  parent  ocnpound  (31) . 

The  pesticides  examined  were  chosen  because  of  their  diverse  dialkyl  phos- 
phate moiety  and  because  many  of  them  (both  orgarxDphates  and  carbamates)  are 
among  the  most  ccnmonly  used  insecticides  in  the  United  States  (58).  Thus, 
the  oell-free  extraicts  used  in  this  study  can  hydrolyze  an  iin»rtant  portion 
of  the  marketed  insecticidad  ocrapounds.  Ttoo  little  work,  however,  has  been 
done  concerning  substrate  specificity  of  induced  or  oaistitutive  enzymes 
ta/ard  different  chemical  classes  of,  as  well  as  structurally  different,  pest- 
icides. The  choice  of  a pesticide  that  serves  as  inducer  is  important  since 
the  pesticide  will  strongly  determine  the  specific  activity  eis  well  as  the 
synthesis  of  the  enzyme (s)  for  various  other  pesticides.  For  practical  and 
environmental  reasons,  it  would  be  advantageous  to  know  if  one  pesticide  will 
be  metabolized  by  enzyme  (s)  induced  by  the  presence  of  a different  pesticide. 
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